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ABSTRACT 
Secondary metabolites play a significant role in mediating plant-microbe 
interactions. Rice (Oryza sativa) is one of the most important staple crops. Once rice is 
attacked by microbial pathogens, it will produce phytoalexins antibiotics to defend 
against enemies such as the bacterial pathogen Xanthomonas oryzae. Diterpenoids 
provide a rich source of metabolites mediating rice-X. oryzae interaction. First, 
gibberellin (GA), as complex diterpenoid phytohormone, besides the profound effects on 
plant growth and development, it has been shown to negatively regulate rice defense. 
Interestingly, we found a putative GA biosynthetic gene operon in rice bacterial leaf 
streak pathogen Xanthomonas oryzae pv. oryzicola (Xoc). Based on this, we 
biochemically characterized Xoc for its capacity to produce the precursor of GA. With 
genome mining, we found three other genera of rhizobia contained homologous GA 
biosynthetic gene operon and shared the identical biochemical function for production of 
ent-kaurene. As for Xoc, we detected the putative production of GA was relevant to 
virulence ability in Xoc through antagonism to jasmonic acid. The role of putative GA 
diterpenoid regulated Xoc’s association with rice. Second, rice produces an arsenal of 
phytoalexins as responses to fungal and bacterial infection. Most of the known rice 
phytoalexins are diterpenoids. The relevance of these diterpenoids to defense was 
evaluated based on their antibiotic activity in vitro; the physiological role in planta 
remains undefined. Rice diterpenoids phytoalexins biosynthesis proceeds ent-copalyl 
diphosphate synthase (OsCPS2) or syn-copalyl diphosphate synthase (OsCPS4) from 
diterpenoid precursor geranylgeranyl diphosphate (GGPP). With reverse genetics 
approach we found the relevance of rice diterpenoids to defense depends on OsCPS2 
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pathway instead of OsCPS4 pathway. Furthermore, with application of CRISPR/Cas9 
genome editing technology, I not only explored the relevance of the specific diterpenoid 
pathway downstream of OsCPS2 to rice plant defense but identified the redirection of 
metabolites levels in rice specialized metabolism as well. These results will not only 
elucidate some insight into the metabolites balance in rice-X. oryzae interaction but also 
provide the potential agricultural application for molecular breeding. 
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CHAPTER 1: GENERAL INTRODUCTION 
 
Rice–Xanthomonas oryzae Interactions 
Rice, as a staple model crop, feeds around two-thirds of the whole population in 
the world. Moreover, rice contains around 20% caloric intake for human (FAO, 2005). 
However, its yields are susceptible to microbial pathogens both above and below the 
ground. The most devastating fungal disease of rice is leaf blast disease caused pathogen 
Magnaporthe oryzae (M. oryzae), which was estimated to reduce the global rice harvest 
by 10-30% (Talbot, 2003). The most devastating bacterial disease is leaf blight disease 
caused by Xanthomonas oryzae pv. oryzae (Xoo) (Nino-Liu et al., 2006). Xanthomonas 
oryzae pv. oryzicola (Xoc) is another devastating rice bacterial pathogen that causes 
bacterial leaf streak disease.  After entering plant leaves, Xoc colonizes parenchyma 
tissue, causing lesions that appear water soaked initially and then develop into 
translucent, bacterial leaf streaks (Wang et al., 2007). One of the major disease 
differences between Xoo and Xoc is that Xoo invades the plants through the vascular 
tissue while Xoc invades through parenchyma tissue. 
Rice produces a variety of diterpenoids phytochemicals as arsenals to defense 
against microbial pathogens. These compounds were originally identified by their activity 
against M. oryzae and Xoo (Peters, 2006). On the other hand, bacteria produce secondary 
metabolites to help infect plants, these compounds play critical roles in toxins, antibiotics, 
pigments (Demain, 1998). As for X. oryzae, there are very few reports about the 
secondary metabolites from it. We elucidate the diterpenoid gibberellin produced from 
Xoc.   
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Ecological Functions of Secondary Metabolites 
Due to the sessile nature of plants, they need to produce large amounts of 
metabolites to respond to biotic and abiotic stresses. These metabolites can be classified 
as primary and secondary metabolites. Primary metabolites are the essential metabolites 
required for life. Not just carbohydrates, lipids, proteins, and nucleic acid, they also 
include other compounds such as plant hormone gibberellin, which functions in 
fundamental physiological processes in plant growth and development. Unlike primary 
metabolites, secondary metabolites are the metabolites not directly involved in normal 
growth, development or reproduction (Fraenkel, 1959), but they play major roles in the 
ecology, including plant-microbe and plant-herbivore interactions. From the structural 
classification, secondary metabolites include terpenoids, alkaloids, phenylpropanoids, 
and polyketides. During plant-microbe symbiotic process, leguminous plants secrete 
flavonoids to initiate nodule formation and nitrogen fixation (Straight and Kolter, 2009). 
Maize produces terpenoids to exhibit both anti-fungal and anti-insect activities (Schmelz 
et al., 2011). Besides the direct defense, maize uses an indirect strategy of defense, such 
as producing terpenoids to attract enemies of herbivores. The insect-induced terpenoid 
(E)-β-caryophyllene emitted from maize roots to attracts entomopathogenic nematodes, 
which prey on the attacking insect larvae (Rasmann et al., 2005; Degenhardt et al., 2009).  
 
Terpenoids 
Terpenoids (also called isoprenoids) are the largest class in secondary 
metabolites. They play a significant role in plant-insect, plant-pathogen, and plant-plant 
interactions. Because of the structural diversity, the biological functions of terpenoids 
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vary tremendously. For example, carotenoids function in photosynthetic pigments, which 
are rich in carrots for bright color. Perfume industry takes advantage of limonene for the 
use of its odor of oranges. Moreover, terpenoids can be used for pharmaceuticals, such as 
star molecule artemisinin (anti-malaria) extracted from Artemisia annua and taxol (anti-
cancer) from the bark of Pacific yew.  
Biosynthesis of terpenoids is derived from five-carbon isoprene unit isopentenyl 
diphosphate (IPP) and its allylic isomer dimethylallyl diphosphate (DMAPP) (Moss, 
1995). Mevalonate (MEV) pathway and 2C-methyl-D-erythritol 4-phosphate (MEP) 
pathway are the two primary carbon sources from primary metabolites for terpenoid 
biosynthesis. MEV pathway initiates in the cytosol of eukaryotes while MEP pathway is 
in prokaryotes and plastid of plants (Dudareva et al., 2013). 
Through the prenyltransferase, isoprene units are provided by IPP and DMAPP. 
These two units are condensed in head to tail fashion. Two isoprene units can link 
together for the formation of monoterpene (10C), three for sesquiterpene (15C) and four 
for diterpene (20C) geranylgeranyl diphosphate (GGPP) (Fig. 1). Notably, triterpene 
(30C) and tetraterpene (40C) are condensed with two FPPs and GGPPs respectively in 
head to head fashion. Followed by the condensation of linear terpenes, terpene synthases 
catalyze to generate cyclic carbon skeleton. Thousands of terpenoids are decorated on the 
carbon skeleton by redox reactions catalyzed by cytochromes P450 (CYPs) or other 
oxygenases for the production of final bioactive terpenoids. My research focuses on the 
biological functions of diterpenoids.  
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Gibberellin 
One of the remarkable compounds in diterpenoids is the phytohormone 
gibberellins. They are produced by plants and associated microbes. Bioactive GA1, GA3, 
GA4 and GA7 are required for plant growth and development, including seed 
germination, stem elongation and flower induction. Furthermore, GA has pushed 
forwarded the Green Revolution (Hedden, 2003).  
Interestingly, GAs are also relevant to plant defense. GAs actually were first 
isolated from the fungal pathogen Gibberella fujikuroi (Fusarium moniliforme), which 
causes the foolish seedling disease in rice, with its characteristic excessive growth 
phenotype (Yabuta and Sumiki, 1938). In rice, GA has been shown to negatively regulate 
resistance to both the bacterial blight pathogen Xoo and fungal blast pathogen M. oryzae 
(Yang et al., 2008; Qin et al., 2013). Moreover, the production of gibberellin by G. 
fujikuroi has been recently reported to play a role in the virulence of this rice plant 
pathogen as well (Wiemann et al., 2013). While best known for their role in promoting 
plant growth, GAs have more recently been recognized as antagonists of the plant 
defense response mediated by jasmonic acid (JA) and ethylene (Bari and Jones, 2009).  
Not only found in plants and fungi, GA is also produced by plant-associated 
bacteria (Bottini et al., 2004), particularly nitrogen fixing rhizobacteria. Bradyrhizobium 
japonicum (B. japonicum) is a legume-nodulating and nitrogen-fixing bacterium species. 
It has been shown that B. japonicum bacteroids have the capacity to convert GA 
precursors to GA9 (Mendez et al., 2014). In the genome of B. japonicum USDA110, an 
operon consisting of genes putatively encoding a ferredoxin, a short chain 
dehydrogenase, three P450s, a GGPP synthase, and two diterpene synthases, have been 
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proposed to be involved in GA biosynthesis (Tully et al., 1998). Our group cloned and 
characterized diterpene synthase genes encoding ent-copalyl diphosphate synthase (CPS) 
and ent-kaurene synthase (KS), respectively from B. japonicum (Morrone et al., 2009) 
(Fig. 2).  
 
Rice Phytoalexin 
Phytoalexins are the small molecular weight antimicrobial compounds, and they 
are inducible as responses to attack from pathogens. Those constitutively present are 
termed phytoanticipans (VanEtten et al., 1994). Besides sakuranetin classified as a 
flavonoid, all other known rice phytoalexins are diterpenoids (Schmelz et al., 2014) (Fig. 
3). From the chemical structure, these diterpenoids are in the subfamily of labdane-
related diterpenoids (LRD), featuring two cyclization reactions derived from GGPP 
(Peters, 2010). Three groups of LRD phytoalexins were isolated and identified by their 
activity against the fungus M. oryzae: momilactones A&B, phytocassanes A-F and 
oryzalexins A-F (Peters, 2006), and GA is actually the founding member of rice LRDs. 
The remaining LRD phytoalexins include oryzalide A and B, oryzalic acid A and B, and 
oryzadione I to III (Toyomasu, 2008). All of these compounds, termed oryzalide-related 
here, were isolated and identified by their activity against the bacterial leaf blight 
pathogen Xoo. Oryzalide-related LRD seems to act as phytoanticipans because they are 
only weakly induced by Xoo infection (Watanabe et al., 1996). Besides microbial attack, 
phytoalexins can be induced by abiotic stresses such as UV irradiation, jasmonic acid and 
CuCl2 treatment (Yamane, 2013). 
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GA biosynthetic pathway serves as a genetic reservoir for the evolution of more 
specialized LRD biosynthesis. Firstly, from the diterpenoid common precursor GGPP, it 
is catalyzed by ent-copalyl diphosphate (CPP) synthases (Os-CPS). Os-CPS homologous 
gene Os-CPS2 and Os-CPS4 catalyze GGPP to cyclized ent-CPP and its diastereomer 
syn-CPP respectively (Otomo et al., 2004; Prisic et al., 2004; Xu et al., 2004). In GA 
biosynthetic pathway, ent-kaurene synthase (Os-KS) converts ent-CPP to ent-kaurene. 
Derived from this, kaurene synthase-like (Os-KSL) catalyzes the further cyclization to 
diterpene olefins, which are the precursors of LRDs (Fig. 4). Followed by that, 
downstream cytochrome P450s and short-chain dehydrogenases act in decorating for 
phytoalexin biosynthesis.  
Some of LRD biosynthetic gene Os-CPSs, Os-KSLs, and CYP450s are co-
clustered together in the genome (Fig. 5). One gene cluster involved in momilactone 
biosynthesis is located on chromosome 4, which contains Os-CPS4, Os-KSL4, two 
soluble short-chain alcohol dehydrogenases and two P450s (Shimura et al., 2007). The 
other gene cluster is located on chromosome 2, which includes Os-CPS2, Os-KSL5-7 and 
six P450s (Swaminathan et al., 2009), which presumably initiate phytocassanes 
biosynthesis. 
Although these diterpenoid phytoalexins have been isolated, the relevance of rice 
LRD phytoalexins to plant defense was identified on the basis of their antibiotic activity 
in vitro. For instance, the inhibitory activity of momilactones against M. oryzae depends 
on the concentration of momilactones (Hasegawa et al., 2010). Although momilactones 
are induced specifically at the site of Xoo infection in rice leaves (Klein et al., 2015), 
their role in anti-microbial activity was uncertain due to their chemical complexity in 
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planta. To elucidate the direct role for the momilactones in planta, we took reverse 
genetics approach using an Os-CPS4 knock-out (Os-cps4). Unexpectedly, Os-cps4 plants 
are not more susceptible to rice M. oryzae than parental wild type plants. Furthermore, 
the additional analysis indicates that momilactones act as allelochemicals in planta (Xu et 
al., 2012).  
 
Organization of Dissertation and Author Contribution 
After the introduction, Chapter 2 elucidates the biochemical and physiological 
functions of putative GA production in Xoc. We found putative GA biosynthetic operon 
in the genome of the bacterial pathogenic bacteria Xoc BLS256. Interestingly, putative 
GA functions as the virulence factor in Xoc. This project was in cooperation with Dr. 
Adam Bogdanove and has been published on New Phytologist. Chapter 3 was released in 
Journal of Bacteriology, which was initiated by the previous lab member David Hershey, 
and I served the co-first author to finish up this project. Inspired by that GA biosynthetic 
operon was found in B. japonicum, homologous gene cluster GA biosynthetic operons 
were found in three other plant-associated in other species of rhizobia and shared the 
same biochemical function encoding diterpene synthases. 
The rest chapters present the biological function and metabolites of diterpenoids 
from the side of rice. Chapter 4 focuses on the relevance of Os-CPS2 dependent 
diterpenoids pathways to rice plant defense and provides insight into their metabolic 
fluxes. Followed by the Os-CPS2 pathway, the next two Chapters are incomplete stories 
about more specific pathways downstream the Os-CPS2 pathway. Chapter 5 explores the 
relevance of phytocassanes to rice defense against pathogenic fungi and bacteria. With 
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the advent of genome editing CRISPR/Cas9 technology, Chapter 6 emphasizes on the 
biological activity of oryzalide/ oryzadione related LRDs. Moreover, this story indicates 
the additive effect on the production of phytoalexins in rice. I mentored two rotation 
students Hao Jiang, Tibebe Teklemariam and one undergraduate student Ben Brown, who 
contributed to identification the Os-KSL5 and Os-KSL6 CRISPR/Cas9 mutant plants in 
this Chapter. The last Chapter discusses the conclusions and future directions for this 
dissertation.  
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Figures 
 
 
 
 
Figure 1. Biosynthetic pathway of monoterpenoid, sesquiterpenoid and diterpenoid from 
Mevalonate (MEV) and 2C-methyl-D-erythritol 4-phosphate (MEP) pathways. IPP, 
isopentenyl diphosphate; DMAPP, dimethylallyl diphosphate; GPP, geranyl diphosphate; 
GGPP, geranylgeranyl diphosphate.  
 
 
 
 
 
 
 
 
 
Figure 2. Putative GA biosynthesis operon identified from Bradyrhizobium japonicum. 
CYP, cytochrome P450; Fd, ferredoxin; SDR, short-chain alcohol dehydrogenase/ 
reductase; GGPS, geranylgeranyl diphosphate synthase; CPS, copalyl diphosphate 
synthase; KS, ent-kaurene synthase.  
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Figure 3. The known Labdane-Related Diterpenoids phytoalexins from Rice. 
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Figure 4. Rice labdane related diterpenoids biosynthetic pathway. Solid arrows indicate 
gibberellin biosynthetic pathway; dashed arrows indicate multiple enzymatic reactions. 
 
 
 
 
 
 
 
 
Figure 5. Scheme of two Labdane related diterpenoid gene clusters from rice genome 
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Abstract 
Both plants and fungi produce ent-kaurene as a precursor to the gibberellin plant 
hormones. A number of rhizobia contain functionally conserved, sequentially acting ent-
copalyl diphosphate and ent-kaurene synthases (CPS and KS, respectively), which are 
found within a well-conserved operon that may lead to the production of gibberellins. 
Intriguingly, the rice bacterial leaf streak pathogen Xanthomonas oryzae pv oryzicola 
(Xoc) contains a homologous operon. Here is reported biochemical characterization of 
the encoded CPS and KS, and the impact of insertional mutagenesis on virulence and the 
plant defense response for these genes, as well as that for one of the cytochromes P450 
(CYP112) found in the operon. Activity of the CPS and KS found in this phytopathogen 
was verified – i.e., Xoc is capable of producing ent-kaurene. Moreover, knocking-out 
CPS, KS, or CYP112 led to mutant Xoc that exhibited reduced virulence. Investigation of 
the effect on marker gene transcript levels suggests that the Xoc diterpenoid affects the 
plant defense response, most directly that mediated by jasmonic acid (JA). Xoc produces 
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an ent-kaurene derived diterpenoid as a virulence factor, potentially a gibberellin 
phytohormone, which is antagonistic to JA, consistent with recent recognition of 
opposing effects for these phytohormones on the plant microbial defense response.  
 
Introduction 
It has long been evident that microbes produce phytohormones to manipulate their 
interaction with plant hosts (Bari and Jones, 2009). Indeed, the gibberellins were first 
isolated from the fungal pathogen Gibberella fujikuroi (Fusarium moniliforme), which 
causes the bakanae or foolish seedling disease in rice (Oryza sativa), with its 
characteristic excessive growth phenotype (Yabuta and Sumiki, 1938). While best known 
for their role in promoting plant growth, gibberellins have more recently been recognized 
as antagonists of the plant defense response mediated by jasmonic acid (JA) and ethylene 
(Bari and Jones, 2009). For example, in rice the gibberellins have been shown to 
negatively regulate resistance to both the bacterial blight pathogen Xanthomonas oryzae 
pv. oryzae and fungal blast pathogen Magnaporthe oryzae (Yang et al., 2008; Qin et al., 
2013). Moreover, the production of gibberellin by G. fujikuroi has been recently reported 
to play a role in the virulence of this rice plant pathogen as well (Wiemann et al., 2013).  
In addition to G. fujikuroi, it has been found that certain (rhizo)bacteria also 
produce gibberellins (Bottini et al., 2004). This includes Bradyrhizobium japonicum 
USDA 110 (Mendez et al., 2014), whose genome contains an operon consisting of three 
cytochromes P450 (CYPs), a ferredoxin (Fd), a short-chain alcohol 
dehydrogenase/reductase (SDR), a putative prenyl transferase, and two putative prenyl 
cyclases, that have been hypothesized to be involved in the production of gibberellin 
(Tully et al., 1998a). Both plants and fungi produce ent-kaurene as a key precursor in 
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gibberellin biosynthesis (Hedden et al., 2001), and it has been shown that the putative 
prenyl cyclases from B. japonicum act sequentially to produce ent-kaurene via ent-
copalyl diphosphate (CPP) from (E,E,E)-geranylgeranyl diphosphate (GGPP), and these 
are then an ent-CPP synthase (CPS) and ent-kaurene synthase (KS), respectively 
(Morrone et al., 2009a). Moreover, homologs of this operon are found in a number of 
other rhizobia, several of which are known to produce gibberellins, and representative 
examples from the three other major genera of rhizobia (Mesorhizobium loti, 
Sinorhizobium fredii, and Rhizobium etli) were shown to at least retain the capacity for 
production of ent-kaurene (Hershey et al., 2014). In particular, the CPS and KS homologs 
also produce ent-kaurene from GGPP, which was further shown to be the product of the 
associated prenyl transferase, which is then a GGPP synthase (GGPS). These results 
strengthen the association of this operon with gibberellin biosynthesis (Figure 1).  
Intriguingly, there is a homolog of this putative gibberellin biosynthesis operon in 
the genome sequence of the rice bacterial leaf streak pathogen Xanthomonas oryzae pv. 
oryzicola (Xoc) strain BLS256 (Bogdanove et al., 2011). Here it is demonstrated that the 
putative CPS and KS from Xoc similarly produce ent-kaurene from GGPP. In addition, 
insertional disruption of the genes for not only the diterpene synthases, but also one of the 
CYPs, led to Xoc strains with impaired pathogenicity, indicating that an ent-kaurene 
derived diterpenoid, potentially a gibberellin, acts as a virulence factor in the Xoc-rice 
interaction. Expression profiling of phytohormone marker genes indicates the ent-kaurene 
derived diterpenoid produced from Xoc down-regulates the rice plant defense response, 
most directly that mediated by JA.  
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Results 
It has been previously noted that the KS from B. japonicum exhibited a distinct 
sequence relative to other characterized bacterial diterpene synthases (Morrone et al., 
2009a). This distinctive sequence has been used to identify other rhizobia that contain 
homologs to KS, and an associated diterpenoid biosynthetic operon, with functional 
conservation of at least the capacity for production of ent-kaurene (Hershey et al., 2014). 
With the recent discovery of an ent-kaurene synthase from Streptomyces platensis, albeit 
for production of the antibiotic platensimycin rather than gibberellin phytohormones 
(Smanski et al., 2011), we became interested in the wider distribution of such 
biosynthesis. While the ent-kaurene synthase from S. platensis is not closely related to 
the KSs found in rhizobia, sharing < 26% amino acid (aa) sequence identity with these 
(which share > 67% aa sequence identity with each other), broader BLAST searches (i.e., 
outside of the previously investigated rhizobiales order), revealed the presence of 
homologs in the Xanthomonas genus. The initial example found was from the genome 
sequence of X. oryzae pv. oryzicola strain BLS256 (Bogdanove et al., 2011). Moreover, 
examination of the genomic context of this XocKS (Xoc_0077) revealed that it was 
situated in an operon exhibiting strong similarity to the putative gibberellin biosynthetic 
gene cluster found in the rhizobia. Specifically, it contains all eight genes found in B. 
japonicum that have been defined as the core operon in the rhizobia more generally (i.e., 
CYP112, CYP114, Fd, SDR, CYP117, GGPS, CPS and KS), with those from Xoc sharing 
70-78% nucleotide (nt) sequence identity with their reported rhizobial homologs, close to 
the 80-92% nt sequence identity these share with each other. In addition, there are two 
other genes that appear to be part of the Xoc operon (Figure 1C). As also found in R. etli 
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and M. loti, on the 3′ end of the Xoc operon is an isopentenyl diphosphate isomerase 
(IDI), which shares ~77% nt sequence identity with the IDIs from these two rhizobia 
(again close to their 83% nt sequence identity to each other). There also is an additional 
CYP, CYP115, on the 5′ end of the operon in Xoc. This shares some similarity to a partial 
CYP pseudo-gene located in a similar 5′ position in the B. japonicum operon (Tully et al., 
1998a), but appears to be full-length.  
Despite the strong similarity, the greater divergence of the Xoc operon from the 
previously characterized rhizobial homologs prompted us to investigate if the encoded 
enzymes were functionally conserved. Accordingly, we biochemically characterized the 
CPS and KS from Xoc. These were cloned from Xoc genomic DNA and investigated 
using a previously described modular metabolic engineering system (Cyr et al., 2007), 
much as described for the rhizobial enzymes. Briefly, co-expression of the CPS and KS 
from Xoc, in recombinant E. coli also expressing a GGPS, led to the production of 
kaurene (Figure 2). Production of the ent-kaurene stereoisomer consistent with 
production of the gibberellin phytohormones was demonstrated by co-expressing the Xoc 
diterpene synthases with plant counterparts whose stereospecificity has already been 
established (again, along with GGPS co-expression in each case). In particular, the KS 
from Xoc was co-expressed with the ent-CPP producing CPS from Arabidopsis thaliana 
(Sun and Kamiya, 1994), while the CPS from Xoc was co-expressed with the ent-CPP 
specific KS from Cucurbita maxima (Yamaguchi et al., 1996), leading to production of 
ent-kaurene in both cases. Moreover, analogous co-expression studies with plant 
diterpene synthases exhibiting alternative stereochemical specificity further demonstrated 
that XocCPS and XocKS were specific for the enantiomeric (9R,10R) isomer of CPP 
  
20 
(data not shown). Accordingly, the CPS and KS from Xoc cooperatively produce ent-
kaurene, exhibiting functional conservation with their homologs from rhizobia, which is 
consistent with broader functional conservation of the entire operon.  
Given that ent-kaurene is the olefin intermediate in gibberellin biosynthesis in 
both plants and fungi (Hedden et al., 2001), we hypothesized that Xoc might produce 
gibberellins. Unfortunately, we could not detect any of the common bioactive 
gibberellins (e.g., GA1, GA3, GA4 or GA7), or even ent-kaurene, from Xoc cultures. It has 
been similarly difficult to detect gibberellins (and also ent-kaurene) from rhizobial 
cultures (Hershey et al., 2014), although gibberellin metabolism can be observed with 
bacteroids isolated from root nodules (Mendez et al., 2014). Indeed, in the rhizobia it is 
clear that the operon is strongly induced upon interaction with the host plant during 
nodulation (Pessi et al., 2007). Accordingly, we hypothesized that the Xoc operon is 
similarly induced upon interaction with its host plant during infection. This was 
examined by comparing the expression level of several genes from the Xoc operon in 
infected leaves relative to that observed in bacterial culture over a 5-day time course. 
Increases of up to 4-fold in transcript levels were observed, with the highest levels 
consistently observed after the first day (Figures 3 and S1). Thus, similar to the rhizobial 
expression pattern, the Xoc operon is induced during plant-microbe interactions.  
To investigate the role of ent-kaurene production in Xoc, we generated knockout 
mutants of its CPS and KS. In particular, these were disrupted via single-crossover 
homologous recombination using pZeroBlunt based constructs (Figure S1). The mutant 
cps, ks and cyp112 could be amplified with the pZeroBlunt specific primer. Somewhat 
surprisingly, these were non-polar insertions, as expression of the downstream KS could 
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be detected in the resulting cps (CPS::pZeroBlunt) strain, and expression of the 
downstream IDI could be detected in the resulting ks (KS::pZeroBlunt) strain as well, 
although the targeted gene was clearly no longer expressed in both strains (Figure S2). 
The effect of these mutations was investigated using a previously described paired 
infection assay that enables comparison of relative virulence (Wang et al., 2007). Briefly, 
the mutant and parental (wild-type) strains were inoculated, via infiltration with a 
needleless syringe, in a pairwise fashion on opposite sides of the mid-vein of the same 
leaf. Lesion length was then measured ten days after inoculation. With both cps and ks 
the resulting lesions were significantly shorter than those produced by the paired wild-
type Xoc in paired student’s t-test (Figure 4A). To verify that the observed reduction in 
lesion length reflects decreased bacterial growth (i.e., virulence), the numbers of viable 
bacteria following inoculation with equivalent titers of each of the Xoc strains (i.e., wild-
type, cps and ks) were compared. With this assay there is a clear decrease in virulence, 
with significantly reduced numbers of viable Xoc from inoculation with both cps and ks 
relative to wild-type that are observed within one day (Figure 4B).  
To confirm that this reduction in virulence was caused by the loss of CPS and KS, 
we generated complementation strains. These strains (cps+CPS and ks+KS) were then 
tested in paired infection assays against either the parental mutant strains or the original 
wild-type strain. The results demonstrated that complementation effectively restored the 
virulence of both the cps and ks strains to levels equivalent to the wild-type in paired 
student’s t-test (Figure 5), confirming that these diterpene synthases contribute to the 
virulence of Xoc in rice, presumably via production of ent-kaurene as an intermediate in 
biosynthesis of a more elaborated diterpenoid virulence factor.  
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To investigate if it is the ent-kaurene product of CPS and KS or a further oxidized 
diterpenoid that acts as the virulence factor, the cytochrome P450 CYP112, presumably 
involved in such further elaboration, was targeted by insertional mutagenesis, creating the 
knock-out strain cyp112 (CYP112::pZeroBlunt), which also was found to be non-polar, 
with the continued expression of CPS and KS suggesting continued production of ent-
kaurene (Figure S2). In paired infection tests, cyp112 also was found to exhibit 
significantly reduced lesion length relative to wild-type Xoc in paired student’s t-test 
(Figure 6). Thus, it does appear to be an ent-kaurene derived diterpenoid, potentially a 
gibberellin, rather than ent-kaurene itself that acts as a virulence factor for Xoc.  
Particularly given the reported antagonism between gibberellins and the JA 
mediated plant defense response (Bari and Jones, 2009), we hypothesized that the Xoc 
diterpenoid virulence factor might act through effects on phytohormone signaling. This 
was investigated by analysis of the expression profile of plant defense related marker 
genes in rice following infection with either cps or wild-type strains of Xoc. Transcript 
levels of lipoxygenase (OsLOX) and allene oxide synthase (OsAOS2) are increased by JA 
mediated signaling, while pathogenesis-related genes such as OsPR1a and OsPR1b are 
increased by salicylic acid (SA) mediated signaling (Navarro et al., 2008; Yoshii et al., 
2010; Qin et al., 2013). Hence, normalized transcript levels for these four rice genes were 
measured by qPCR over a 5-day time course following infection with either wild-type or 
cps Xoc, with significant differences evident for each. The most immediate effect was a 
greater increase in transcript levels of the JA signaling marker genes OsLOX and 
OsAOS2, which is observed on the first day post-inoculation for leaves infected with cps 
relative to those infected with wild-type Xoc (Figure 7A&B). By contrast, no significant 
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difference over this time is observed between leaves infected with either wild-type or cps 
Xoc for the SA signaling marker genes OsPR1a and OsPR1b (Figure 7C&D). Thus, the 
Xoc ent-kaurene derived diterpenoid virulence factor does appear to act, at least in part, 
through suppression of the JA mediated plant defense response. 
Notably, this diterpenoid biosynthetic operon does not appear to be present in any 
of the sequenced strains of the other pathovar of X. oryzae, pv. oryzae (Xoo), or other 
isolates that group separately from Xoc and Xoo (Lee et al., 2005; Ochiai et al., 2005; 
Salzberg et al., 2008; Triplett et al., 2011). On the other hand, BLAST searches revealed 
the presence of a homologous operon in the recently reported genome sequence of 
Xanthomonas translucens pv graminis ART-Xtg29 (Wichmann et al., 2013). Moreover, 
homologous sequence also can be found in the genome sequences for the two strains of 
X. translucens pv. translucens, DSM 18974 and DAR61454, that are currently available 
at NCBI (Genome accession 14066). The operons from these two strains are essentially 
identical to each other, sharing ~99% nt sequence identity. In addition to the eight core 
operon genes found in the rhizobia (CYP112, CYP114, Fd, SDR, CYP117, GGPS, CPS 
and KS), these examples from X. translucens also all include the accessory IDI on the 3′ 
end and additional full-length CYP115 on the 5′ end. The shared presence of the unique 
full-length CYP115 suggests a homologous origin for the operons found in the X. 
translucens genomes and that from Xoc. However, between X. translucens and Xoc, 
these operons exhibit quite distinct sequences, sharing only ~70% identity at the nt level, 
indicating that any such common origin is quite distant and these may represent separate 
horizontal gene transfer events. By contrast, the operons from the two distinct pathovars 
of X. translucens are more closely related to each other (~89% nt sequence identity) and 
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presumably share a much more recent common origin, presumably via vertical descent 
rather than horizontal gene transfer (Figure S3).  
 
Discussion 
Horizontal gene transfer of this diterpenoid biosynthetic operon among the 
rhizobia has been previously demonstrated (Hershey et al., 2014). However, its presence 
in the Xanthomonas genus, which falls into the separate gamma-proteobacteria class, 
represents a surprisingly wide distribution. Nevertheless, these bacteria share an obvious 
common association with plants, albeit in strikingly different contexts, as symbionts and 
pathogens, respectively. Intriguingly, it appears that the operon may have been separately 
acquired by Xoc and X. translucens via horizontal gene transfer, presumably from the 
rhizobia.  
The operon has been associated with gibberellin production in the rhizobia, and 
such production in the Xanthomonas phytopathogens would be consistent with the recent 
discovery that gibberellins are antagonistic to JA mediated plant defense (Robert-
Seilaniantz et al., 2007). However, it should be noted that the presence of the additional, 
unique cytochrome P450 CYP115 in the Xanthomonas associated operons indicates that 
these may produce a further elaborated diterpenoid than the rhizobia. For example, by 
analogy to the production of the JA-Ile mimic coronatine by the phytopathogen 
Pseudomonas syringae (Fonseca et al., 2009), the Xanthomonas operon might lead to 
production of a gibberellin mimic resistant to degradation by plant catabolism. 
Alternatively, the resulting diterpenoid might inhibit catabolism of endogenously 
produced gibberellins. 
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The observed rice host marker gene expression analysis is consistent with the 
potential production of gibberellin. First, the lack of such production by cps Xoc most 
immediately leads to a more robust JA mediated defense response, consistent with 
antagonism between the ent-kaurene derived diterpenoid and JA signaling, much as has 
been reported for gibberellin due to interactions between the DELLA and JAZ proteins 
involved in the gibberellin and JA response mechanisms, respectively (Hou et al., 2010; 
Wild et al., 2012; Yang et al., 2012). Regardless of the exact identity of the ent-kaurene 
derived diterpenoid product of this operon, the results presented here demonstrate that 
this compound acts as a virulence factor promoting Xoc phytopathogen growth, 
ostensibly by suppressing the defense response of its host plant rice via effects on JA 
signaling. This mechanism also may underlie the use of gibberellins as virulence factors 
by the rice fungal pathogen G. fujikuroi (Wiemann et al., 2013), and is consistent with the 
emerging paradigm that a key pathogen virulence strategy is such modulation of plant 
hormone signaling (Robert-Seilaniantz et al., 2011).  
Much as found in the rhizobia, this diterpenoid biosynthesis operon exhibits a 
scattered distribution within the Xanthomonas genus. The operon characterized here from 
the X. oryzae pathovar Xoc is not found in the Xoo pathovar. As Xoo and Xoc are 
otherwise very closely related (Nino-Liu et al., 2006; Lu et al., 2008; Bogdanove et al., 
2011), this operon may contribute to the differentiation between the rice leaf streak and 
blight diseases caused by Xoc and Xoo, respectively. Alternatively, production of the 
resulting ent-kaurene derived diterpenoid virulence factor may only provide a selective 
advantage under the conditions encountered by X. oryzae in the context of rice leaf streak 
rather than blight (e.g., infection of the mesophyll versus the xylem, respectively). 
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However, the presence of homologous sequence in various isolates of X. translucens 
suggests a broader role for the resulting ent-kaurene derived diterpenoid virulence factor. 
In particular, together the sequenced X. translucens collectively cause leaf diseases on 
other small grain cereal crops such as wheat and barley, as well as forage grasses such as 
ryegrass, with some infecting the vasculature and others the mesophyll. Thus, this ent-
kaurene derived diterpenoid may serve as a virulence factor for Xanthomonas 
phytopathogens of the Poaceae/grass plant family more generally. Building on the role in 
pathogenicity shown here for the Xoc-rice interaction, future investigation of the exact 
role of this ent-kaurene derived diterpenoid in the other Xanthomonas in which it is 
present will help elucidate its role in tissue-specificity versus Xanthomonas-Poaceae 
interactions more broadly.  
 
Materials and Methods 
Unless otherwise noted, all molecular biology reagents were purchased from 
Invitrogen and all other chemicals from Fischer Scientific. Escherichia coli was grown at 
37 °C or 16 °C using either NZY (for cloning) or TB medium (for expression). Xoc was 
cultured on GYE (2% glucose, 1% yeast extract) medium at 28 °C. When necessary, 
1.8% (v/v) agar was added to the relevant medium to pour plates. Where applicable, 
antibiotics were used at the following concentrations: chloramphenicol – 30 µg/mL, 
carbenicillin – 50 µg/mL, spectinomycin – 50 µg/mL, and/or kanamycin – 50 µg/mL. 
Liquid cultures were grown with vigorous shaking (200 rpm), generally in 250 mL 
Erlenmeyer flasks containing 50 mL media.  
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The presence of the diterpenoid biosynthetic operon in Xoc was first detected by 
BLAST searches of the non-redundant nucleotide database at GenBank in 2010 using the 
distinctive rhizobial KS gene as the query sequence (specifically, that from B. 
japonicum). Identification of the KS homolog was followed by analysis of the 
surrounding sequence, which proved to have the entire core operon defined from our 
studies in rhizobia (Hershey et al., 2014). The presence of homologous sequence in the 
various pathovars/strains of X. translucens was only more recently discovered by similar 
analysis carried out in 2013. Sequence analysis/alignments were carried out using the 
CLC Main Workbench program version 6.8.4 (CLC bio).  
Biochemical characterization of the CPS and KS from the Xoc operon was carried 
out as previously described (Morrone et al., 2009a). Briefly, the XocCPS and XocKS 
genes were amplified via PCR from Xoc BLS256 genomic DNA, prepared as previously 
described (Bogdanove et al., 2011), using gene specific primers (Table S1), cloned by 
topoisomerization into pENTR/SD/D-TOPO (Invitrogen), and verified by complete gene 
sequencing. For co-expression, XocCPS and XocKS were sub-cloned by directional 
recombination into pDest14 (Invitrogen) and a previously described GGPS containing 
pGG-DEST vector (Cyr et al., 2007), respectively. The resulting pDest14::XocCPS and 
pGG-DEST::XocKS constructs were co-transformed into E. coli strain C41 (Lucigen) 
along with pIRS, which overexpresses genes from the endogenous methylerythritol 
phosphate dependent isoprenoid precursor supply pathway and has been shown to 
increase flux towards terpenoid metabolism (Morrone et al., 2010). The resulting 
recombinant strains were cultured in 1 L of liquid media at 37 °C until they reached an 
optical density of ~ 0.6 at 600 nm, the pH adjusted to 7.1, the cultures shifted to 16 °C for 
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an hour prior to induction with IPTG added to a final concentration of 0.5 mM, followed 
by further fermentation at 16 °C for ~72 more hours. The cultures were then extracted 
with an equal volume of hexanes, which was separated out, dried in a rotary evaporator, 
and the residue resuspended in 100 µL hexanes. This concentrated extract was analyzed 
by gas chromatography (GC) carried out on a Varian (Palo Alto, CA) 3900 GC with 
Saturn 2100 ion trap mass spectrometer (MS) in electron ionization (70 eV) mode.  
Samples (1 µL) were injected in splitless mode at 50 °C and, after holding for 3 min. at 
50 °C, the oven temperature was raised at a rate of 14 °C/min. to 300 °C, where it was 
held for an additional 3 min. MS data from 90 to 600 m/z were collected starting 12 min. 
after injection until the end of the run. The production of ent-kaurene was verified by 
comparison of mass spectra and retention time to an authentic standard (enzymatically 
produced by the characterized CPS and KS from A. thaliana). 
For analysis of GA formation, Xoc was cultured in 500 mL flasks containing 300 
mL liquid GYE media. The cultures were incubated for 3, 6, 9 and 12 days respectively 
on a rotary shaker (200 rpm) at 28 °C. Cells were separated from the spent media by 
centrifugation (15 min. at 4000 × g). For analysis of gibberellin content, the supernatant 
was acidified to pH 2.5 with acetic acid, and then extracted with an equal volume of ethyl 
acetate saturated with acetic acid (1% v/v). This organic extract was separated and passed 
over a 1 mL HP-20 resin column, which was then eluted with 3 mL each of 1% acetic 
acid in dH2O, then 40% and 80% methanol (v/v in dH2O with 1% acetic acid). Each of 
these fractions was dried in a rotary evaporator and the residue resuspended in 100 µL 
acetic acid-saturated ethyl acetate for analysis by GC-MS as described above. For 
analysis of the ent-kaurene intermediate, the total culture was directly extracted with an 
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equal volume of hexanes, which was separated out and passed over a 1 mL silica gel 
column to remove contaminating polar compounds, with the resulting organic extract 
dried under a gentle stream of N2, and the residue resuspended in 100 µL of hexanes, for 
analysis by GC-MS, again as described above.  
To generate insertional mutant strains of Xoc, internal fragments from the CPS, 
KS and CYP112 genes (700, 400 or 500 bp in length, respectively) were amplified from 
genomic DNA with gene specific primers. These PCR fragments were cloned into the 
pZeroblunt plasmid (carries kanamycin resistance) to create suicide vectors for 
insertional inactivation of CPS, KS and CYP112. The resulting plasmids were 
electroporated into Xoc for intragenic integration. Kanamycin-resistant colonies 
appearing at 28 °C were taken to be integrating mutants, in which a single crossover 
homologous recombination event had taken place. This was confirmed by PCR from 
genomic DNA [prepared using the Wizard Genomic DNA Purification Kit (Promega)] 
from each mutant, using the following primer pairs; for cps, M13-F and CPS200-R; for 
ks, KS50-F and M13-R; and for cyp112, CYP112.50-F and M13-R; generating PCR 
fragments of 1000, 700 or 900 bp length, respectively, if the relevant suicide vector has 
been inserted. In each case, the lack of such a PCR product with wild-type Xoc also was 
confirmed.  
To investigate the polarity of the various mutant strains, RT-PCR analysis was 
carried out on these strains and compared to wild-type Xoc. Single colonies of Xoc 
strains were inoculated into 5 mL GYE and grown at 28°C to OD600 ~ 0.5. Bacterial cells 
were collected by centrifugation (15 min. at 4000 × g), and total RNA extracted using the 
RNeasy Kit (Qiagen). The extracted RNA was treated with DNase I (Invitrogen) and 
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purified. cDNAs were obtained from RT reactions containing 500 ng total RNA using the 
iScript Reverse Transcription kit (BioRad), following the manufactures’ instructions. 
This was used as the template for PCR with gene specific primers (for CPS, CPS430-R 
and CPS1103-R; for KS, KS249-F and KS649-R; for CYP112, CYP112.351-F and 
CYP112.850-R; for CYP114, CYP114.106-F and CYP114.459-R; for IDI, IDI1-F and 
IDI301-R), and 16S rRNA primers as a positive internal control.  
To complement the cps and ks mutant strains, XocCPS and XocKS were 
transferred by directional recombination from the pENTR/SD/D-TOPO derived 
constructs described above to the Xanthomonas expression vector pKEB31 that contains 
the necessary DEST cassette (Cermak et al., 2011). The resulting 
pKEB31/DEST::XocCPS and pKEB31/DEST::XocKS vectors were transformed by 
electroporation into the Xoc cps and ks mutant strains, respectively. These two 
complementation strains (cps+CPS and ks+KS, respectively) were confirmed by 
sequencing PCR products of the introduced CPS and KS, respectively.  
Quantitative real-time PCR (qPCR) was carried out with total RNA, extracted 
using the RNeasy Plant Mini Kit, from infected wild-type Nipponbare rice leaves 
collected either quickly (~30 min.) or 1, 2, 3, 4 or 5 days post-inoculation. Template 
cDNA was generated from 500ng DNAse treated RNA as described above. This was 
diluted 8-fold for use in ABsolute qPCR SYBR Green Mix (Thermo) reactions (25 µL), 
with the relevant gene specific pairs of primers (Table S1), carried out using a Stratagene 
Mx4000 instrument located in the Iowa State University Genomics Technologies 
Facility. Transcription FactorIIAγ5 (LOC_Os05g01710) was used as internal control for 
rice genes, and the Xoc reference gene was the ribosomal 16S subunit. Each data point 
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represents the average of two independent biological replicates, each measured with two 
technical replicates. For Xoc gene analysis, transcript levels in bacterial culture also were 
measured using DNAse treated total RNA isolated from wild-type Xoc as described 
above.  
Relative virulence was assessed using paired-infection assays carried out with 
Xoc cells suspended in 10 mM Magnesium chloride to an optical density at 600 nm of 
0.5, which were used to spot infiltrate leaves of 8-week-old rice plants with a needleless 
syringe. Leaves of rice plants were inoculated with one strain on each side of the midrib 
(e.g., mutant on one side and the wild type on the other). After 10 days, lesion lengths 
were measured for each paired inoculation, and a paired, two-tailed Student’s t-test was 
performed across all three replicates. Each experiment was carried out three separate 
times, each time with 10 leaves.  
For bacterial colony counting, three leaves each infected with only one strain of 
Xoc, were cut and ground in a sterile mortar and pestle with 2 ml sterile water. This 
suspension was then serially diluted (10-fold) and 5 µL drops from the 10-1 to 10-6 
dilutions placed on peptone sucrose plates with cephalexin antibiotics, with each 
measurement (i.e., plate) carried out in triplicate.  These plates were incubated at 28 °C 
until individual colonies were apparent for at least some of the spots, which were then 
counted, allowing calculation of the original titer of viable bacteria from each leaf.  
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Figures  
 
 
Figure 1. Putative gibberellin biosynthesis operon from the rhizobia. A) Schematic 
representation of operon showing core genes defined in the text, plus accessory 
isopentenyl diphosphate isomerase (IDI) found in some cases. B) Scheme illustrating 
enzymatic activities demonstrated for certain examples from the rhizobia. C) Schematic 
representation of the putative gibberellin operon from Xoc.  
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Figure 2. Xoc exhibits the ability to produce ent-kaurene. GC-MS selected ion (m/z = 
272) chromatograms demonstrating production of kaurene from GGPP by XocCPS and 
XocKS, along with an authentic standard.  
 
 
 
 
 
Figure 3. Quantitative expression analysis of A) XocCPS; B) XocCYP112; or C) XocKS 
transcript levels in culture or rice leaves 1, 2, 3, 4 or 5 days after inoculation (DAI).  
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Figure 4. Knocking out CPS or KS reduces virulence of Xoc. A) Box plots of lesion 
lengths from paired inoculations matching wild-type (WT) with either cps (i) or ks (ii) 
knock-out strains, as measured 10 days after infiltration. These are representative data 
from one of three independent experiments, each of which was carried out with three 
replicates, each comprised of 10 leaves, with significant differences observed in each 
case in paired student’s t-test (p-values indicated by * < 0.05 or ** < 0.01). B) 
Representative image from paired inoculation of WT with either cps (i) or ks (ii) strains. 
C) Reduced number of viable bacteria from infected plants. Time course illustrating 
results from bacterial colony numbers from infected leaves. Infiltrated region was 
calculated from three independent experiments with three infiltrations in five leaves for 
each strain of Xoc (p-values indicated by * < 0.05 or ** < 0.01).  
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Figure 5. Complementation restores virulence of cps and ks strains of Xoc. Box plots of 
lesion lengths from paired inoculation of wild-type (WT) with either cps+CPS or ks+KS 
strains in paired student’s t-test, as indicated (no significant difference was observed). 
 
 
  
 
 
Figure 6. Knocking out CYP112 also reduces Xoc virulence. Box plot of lesion lengths 
from paired inoculation of WT and cyp112 in paired student’s t-test (** indicates p-value 
< 0.01).  
 
 
 
B)A)
  
39 
 
 
Figure 7. Quantitative comparison of A) OsLOX; B) OsAOS2; C) OsPR1a; or D) 
OsPR1b gene expression in rice following inoculation with either wild-type or cps Xoc 
either shortly (~30 min.) or 1, 2, 3, 4 or 5 days after inoculation.  
 
 
Supplementary Results 
 
 
 
Figure S1.  PCR analysis of the disruption of Xoc CPS, KS or CYP112.  
Lane 1: 1 and 2 as the primers, and the genomic DNA of knockout cps strain as the 
template; Lane 2: 1 and 2 as the primers, and the genomic DNA of WT Xoc BLS256 as 
the template; Lane 3: 3 and 4 as the primers, and the genomic DNA of knockout ks strain 
as the template; Lane 4: 3 and 4 as the primers, and the genomic DNA of WT Xoc 
BLS256 as the template. Primer M13R is specific to pZeroBlunt. 
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Figure S2. RNA expression of CPS, KS, CYP112, CYP114, IDI, and 16S genes in WT, 
cps, ks and cyp112 strains of Xoc (as indicated). 
 
 
 
 
Figure S3. Phylogenetic tree from alignment of the core diterpenoid biosynthesis operon 
from the various bacterial species discussed here. In particular, those from the 
Xanthomonas genus, abbreviated here as Xoc (X. oryzae pv. oryzicola), Xtg 
(Xanthomonas translucens pv. graminis) and Xtt (X. translucens pv. translucens), along 
with those from the rhizobia, which are abbreviated as Ml (Mesorhizobium loti), Re 
(Rhizobium etli), Bj (Bradyrhizobium japonicum) and Sf (Sinorhizobium fredii).  
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Table S1. Primers used in this study 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Primer Name Sequence 
XocCPS F 5'-CACCATGAACGCGCTGTGCGAACAGATTTTC-3' 
XocCPS R 5'-TCATGGCGCAGCTCCCGTATGCGTGAC-3' 
XocKS F 5'-CACCATGATCAAGGACGCGCTGGAGCAGG-3' 
XocKS R 5'-TCAGACGGGCGCATGCTGGCTCCC-3' 
XocCPS 403F 5'-GCGTTGTCGAACGGCGCGGCCTTTCCGCGC-3' 
XocCPS 1103R 5'-TGCGGTTGGTTTCGACGTAGGTCCTGGTGG-3' 
XocKS 249F 5'-GGCCCAGCTTGACGCGGTTGAGCGAGCGCTG-3' 
XocKS 649R 5'-CAGCGACCTGGTCCTTGCCGCGCCCGTGC-3' 
XocCYP112 351F 5'-GATCGCGGCGCAGTTGTTCGAGACGCTGGC-3' 
XocCYP112 850R 5'-CGCCCGGCGGATACATGCGGAGGATTTCCT-3' 
XocIDI F 5'-ATGCGCCCGTCTGAACCCGCGCCC-3' 
XocIDI 301R 5'-TGGCATCGGCGCGCGGCATACCGC-3' 
Xoc16SrRNA F 5'-ATGAAGCAGACTGAGCGCCGCATC-3' 
Xoc16SrRNA R 5'-TCAGAAATCCGGATCCCAGTCGAC-3' 
M13 Foward-R 5'-GTAAAACGACGGCCAG-3' 
XocCPS 200F 5'-TTCCGCTATTCCGGCATGCGCCCA-3' 
XocKS 50F 5'-AGGGCTTCTCCTACCAGCATGCCAC-3' 
XocCYP112 50F 5'-TGAACCCTCGCCTGCCATGCTGGCA-3' 
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Abstract 
Bacterial interactions with plants are accompanied by complex signal exchange 
processes. Previously, the nitrogen-fixing symbiotic bacterium Bradyrhizobium 
japonicum was found to carry adjacent genes encoding two sequentially acting diterpene 
cyclases that together transform geranylgeranyl diphosphate to ent-kaurene, the olefin 
precursor to the gibberellin plant hormones. In order to understand the ecological and 
genomic context of such diterpene production, bioinformatics searches were carried out 
to identify other rhizobia that might have the capacity to produce ent-kaurene. Species 
from the three other major genera of rhizobia contained homologous terpene synthase 
genes. Cloning and functional characterization of a representative set of these enzymes 
confirmed the capacity of each genus to produce ent-kaurene. Moreover, comparison of 
their genomic context revealed that these diterpene synthases are found in a conserved 
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operon, which includes an adjacent isoprenyl diphosphate synthase, shown here to 
produce the geranylgeranyl diphosphate precursor. In addition, the rest of the operon 
consists enzymatic genes that presumably lead to more elaborated diterpenoid natural 
products, although the production of gibberellins was not observed. Nevertheless, it has 
previously been shown that the operon is selectively expressed during nodulation, and 
further bioinformatics analysis suggests that the operon has been distributed in a scattered 
pattern throughout the rhizobia via independent horizontal gene transfer within the 
symbiotic plasmid or genomic island, indicating that such diterpenoid production likely 
modulates the interaction of these particular symbionts with their host plants.  
 
Introduction 
Bacteria play critical roles in biogeochemical cycles such as the fixation of 
nitrogen. Although nitrogen makes up approximately 80% of the earth’s atmosphere, its 
bioavailability remains a major limitation – e.g., to plant growth (Vance, 2001). This is 
due to the inability of plants to assimilate the diatomic nitrogen that occurs naturally in 
the atmosphere (Den Herder and Parniske, 2009). Among plants, legumes uniquely host 
bacteria from the rhizobiales order of α-proteobacteria in nodules formed following 
invasion of their root cortical cells. Inside these nodules the rhizobia develop into 
endosymbiont bacteroids, fixing nitrogen in exchange for carbon from their plant hosts 
(Jones et al., 2007). This agriculturally important collaboration is thought to be the main 
biological route for nitrogen fixation. Of particular relevance here, a number of the 
rhizobia have been shown to produce plant growth hormones, such as the gibberellins, 
which are thought to further promote growth of the host plant (Bottini et al., 2004).  
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Both legume and rhizobial species exhibit a surprising amount of specificity with 
respect to symbiotic partners (Fauvart and Michiels, 2008). Only rarely can a given 
rhizobia species nodulate more than a few closely related plants. This specificity is due to 
bacterial and plant factors (Den Herder and Parniske, 2009). The host plant secretes 
flavonoid inducers that elicit rhizobial production of lipochitooligosaccharide Nod 
factors, which is recognized by the host plant, with subsequent steps in the nodulation 
process dependent on recognition of bacterial cell surface chemistry and effector proteins 
as well. However, the host plant also applies the usual defense mechanisms – e.g., 
microbe associated molecular pattern triggered immunity and R-gene recognition of 
bacterial effectors – to restrict nodulation by unwanted strains (Jones et al., 2007; Den 
Herder and Parniske, 2009; Yang et al., 2010). This complex signal exchange process 
exerts extreme evolutionary pressure on the rhizobia (Johnston et al., 1978; Flores et al., 
2005; Gonzalez et al., 2010), which can be inferred, in part, from the presence of large 
plasmids or genomic “islands” with distinct G+C content relative to the rest of the 
genome, which contain the large set of genes required for nodulation, including nitrogen 
fixation (Kaneko et al., 2000; Kaneko et al., 2002; Mavingui et al., 2002; Gonzalez et al., 
2006; Fauvart and Michiels, 2008). This presumably reflects the ability of horizontal 
transfer to spread these distinct genetic elements, enabling nodulation by the recipient 
rhizobia (Johnston et al., 1978; Sullivan and Ronson, 1998). Intriguingly, the prevalence 
of insertion sequences and phage integration is thought to promote rearrangement within 
these symbiotic modules (Viprey et al., 2000).  
Previously we characterized two terpene synthases from B. japonicum USDA110 
(Morrone et al., 2009). These proved to be diterpene cyclases capable of successively 
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converting the general diterpenoid precursor geranylgeranyl diphosphate (GGPP) into 
ent-copalyl diphosphate (ent-CPP) and, hence, to ent-kaurene, a precursor to the 
gibberellin phytohormones (Figure 1). The relevant genes, blr2149 and blr2150, then 
encode an ent-CPP synthase (CPS) and ent-kaurene synthase (KS) respectively. Notably, 
these two genes fall into a more extensive operon that was originally defined by Tully et 
al. (Tully et al., 1998a), and suggested to be present in all rhizobia (Keister et al., 1999), 
although it did not appear to affect the ability of B. japonicum to nodulate soybean 
(Glycine max) or fix nitrogen in the resulting nodules (Tully and Keister, 1993). Here we 
have investigated the functional conservation of the CPS and KS from this operon and 
demonstrated production of the upstream GGPP by the isoprenyl diphosphate synthase 
encoded by the adjacent gene in the operon. In addition, our results more precisely define 
the overall gene content of the operon and its scattered distribution in the rhizobia. While 
examples are found in all four major genera, with conservation of the ability to produce 
ent-kaurene, the uneven distribution of the operon suggests that such diterpenoid 
production provides a selective advantage only under certain conditions.  
 
Results 
Identification of ks and cps homologs in rhizobia  
As previously noted, the BjKS that directly produces ent-kaurene exhibits distinct 
sequence homology relative to other characterized bacterial diterpene synthases. 
Accordingly, the BjKS sequence was used in initial BLAST searches of the NCBI 
database to identify bacteria from the rhizobiales order that contain homologous 
diterpene synthases. Notably, homologs were found in species from all four major genera 
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of rhizobia – i.e., Rhizobium, Sinorhizobium, and Mesorhizobium, in addition to 
Bradyrhizobium. In each case, immediately upstream of BjKS homolog was a homolog to 
BjCPS (Table 1), with overlapping open-reading frame just as found in B. japonicum.  
Interestingly, these were not conserved by bacterial phylogeny – e.g., the KS from the 
various species of Bradyrhizobium share less sequence identity than that between BjKS 
and the KS from Mesorhizobium loti, which is not only in a distinct genus but also falls 
into the separate Phyllobacteriaceae family. Accordingly, the KS and CPS appear to have 
been distributed via horizontal gene transfer. Consistent with such an inheritance 
mechanism, the KS gene is not found in all rhizobia [e.g., no homolog is present in 
Rhizobium leguminosarum, whose genome has been fully sequenced (Young et al., 
2006), and nor, despite the presence of a homologous protein sequence annotated as 
being encoded by Sinorhizobium meliloti, are homologs present in any of the genome 
sequences reported for various strains of S. meliloti (Galibert et al., 2001; Schneiker-
Bekel et al., 2011; Weidner et al., 2013)].  
 
Functional characterization of representative CPS and KS  
To investigate the ability of the CPS and KS homologs found in our 
bioinformatics search to cooperatively produce ent-kaurene, we analyzed these from one 
species from each genus, specifically examples with complete genome sequences 
reported, Mesorhizobium loti MAFF303099 (Kaneko et al., 2000), Sinorhizobium fredii 
NGR234 (Schmeisser et al., 2009), and Rhizobium etli CFN42 (Gonzalez et al., 2006). 
We cloned and characterized the CPS and KS from each of these species much as 
previously described for those from B. japonicum (Morrone et al., 2009). Briefly, each 
  
47 
pair of CPS and KS homologs were co-expressed in recombinant E. coli also expressing a 
GGPP synthase, which led to the production of kaurene (Figure 2). To demonstrate 
stereospecificity, each CPS was expressed in recombinant E. coli with GGPS from Abies 
grandis (AgGGPS) and the KS from Arabidopsis thaliana (AtKS), which is specific for 
ent-CPP. In addition, each KS was expressed in recombinant E. coli with AgGGPS and 
the ent-CPP producing CPS from Arabidopsis thaliana (AtCPS). In each case, this led to 
the production of ent-kaurene (data not shown), demonstrating stereochemistry consistent 
with that of the gibberellin plant hormones. These results confirmed a common catalytic 
activity for these distributed enzymatic genes and, importantly, each genus identified here 
then contains the capacity to produce ent-kaurene from GGPP.  
 
Defining a rhizobial diterpenoid biosynthetic operon  
Given that BjCPS and BjKS are neighboring genes in what has been proposed to 
be a more extensive operon (Tully and Keister, 1993), we examined the genomic context 
for each of the characterized CPS and KS to determine if these were similarly set in a 
more broadly conserved operon. Indeed, the CPS is invariably found immediately 
upstream of the KS, and homologs to all of the other genes also were present in the same 
order as found in the B. japonicum operon. In particular, homologs to the adjacent 
cytochromes P450 CYP112 and CYP114, a ferredoxin (Fd), a short-chain alcohol 
dehydrogenase/reductase (SDR), another cytochrome P450 (CYP117), an isoprenyl 
diphosphate synthase that presumably makes GGPP (GGPS), as well as the orthologous 
CPS and KS. Although it should noted that some of these genes are fused together in 
certain cases – i.e., the CYP114 and Fdx in R. etli, and the Fdx and SDR in M. loti, these 
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still exhibit clear homology to the separate genes found elsewhere. Thus, these genes then 
define a core diterpenoid biosynthetic gene cluster/operon that is conserved across all 
four of the major rhizobial genera, sharing 80-92% nucleotide sequence identity.  
Notably, the GGPS gene in R. etli appears to be disrupted. While some 
homologous sequence is present, large deletions and various frame-shifts result in a 
clearly compromised open reading frame (accordingly, we suggest that this is a pseudo-
gene and refer to it as GGPSp). However, R. etli contains another isoprenyl diphosphate 
synthase in close proximity to its core operon. Although this is not closely related to the 
GGPS found within the operon, and is in the opposite orientation, we hypothesized that 
this might serve the same function (and refer to it here as GGPS2). There is an 
intervening gene. However, this gene appears to encode an isopentenyl diphosphate 
isomerase (IDI), which balances isoprenoid precursor supply and, thus, similarly has a 
plausible role in (di)terpenoid biosynthesis as well. Further analysis demonstrated that a 
homologous IDI gene also occurs at the same position (3ʹ′ to the KS) in M. loti. 
Intriguingly, M. loti further has a gene encoding a major facilitator superfamily (MFS) 
member immediately downstream of its IDI, and we speculate that this might be involved 
in secretion of the diterpenoid natural product. Accordingly, in R. etli and M. loti 
accessory genes appear to have been appended to the core diterpenoid biosynthesis 
operon (Figure 3).  
Upon sequence comparisons of the core operon, that from R. etli appears to be the 
most divergent, sharing < 82% identity, while the others are ≥ 90% identical with each 
other. Even when excluding the compromised GGPSp, comparison of the other genes 
from the R. etli operon reveals that these are only 86-89% identical with those from the 
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other rhizobia, less than the identity shared by the other rhizobia. Accordingly, the R. etli 
operon is clearly the most divergent, consistent with distribution of the entire operon by 
horizontal gene transfer – e.g., despite their common phylogenetic origin in the 
Rhizobiaceae family, R. etli and S. fredii contain the most disparate rhizobial diterpenoid 
biosynthesis operons.  
 
Demonstrating production of GGPP and capacity for ent-kaurene production 
Diterpenoid biosynthesis generally proceeds via initial formation of a 
hydrocarbon skeletal structure, followed by oxidative elaboration (Peters, 2010). In 
looking at the organization of the rhizobial diterpenoid biosynthesis operons, it is notable 
that the genes predicted to be involved in oxidation are in the 5ʹ′ region, with all those 
predicted to be involved in the formation of the cyclized olefin ent-kaurene falling in the 
3ʹ′ region. This might suggest that these form nominally independent sub-clusters, 
although no such sub-clusters appear in the currently available sequence information. 
Nevertheless, we took advantage of this gene arrangement to demonstrate both the 
production of GGPP by the isoprenyl diphosphate synthase and, hence, ability of the 
operon to lead to production of ent-kaurene. While initial efforts were directed at 
heterologous expression of the putative GGPP synthase in E. coli for use in co-expression 
studies such as those described above, that ultimately proved unsuccessful. We then 
turned to recombinant expression in a more closely related bacterium, specifically the 
1021 strain of Sinorhizobium meliloti, whose reported genome sequence does not contain 
the rhizobial diterpenoid biosynthesis operon (Galibert et al., 2001). Accordingly, we 
overexpressed the 3ʹ′ region of the operon from the closely related S. fredii, either a 
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fragment containing GGPS-CPS-KS or CPS-KS only. Consistent with the usual lack of 
GGPP production in bacteria, expression of the CPS-KS genes alone in S. meliloti 1021 
did not result in the production of ent-kaurene, while expression of the GGPS-CPS-KS 
genes did (Figure 4). These results then not only confirm that the associated isoprenyl 
diphosphate synthase produces GGPP, but also the capacity of the operon to confer the 
ability to produce at least ent-kaurene.  
 
Evidence for a role in symbiosis  
In each of the rhizobia examined here, the diterpenoid biosynthesis operon is 
located in the symbiotic module (plasmid or genomic island), suggesting that the 
resulting natural product may play a role in the symbiotic relationship of these rhizobia 
with their host plants. Consistent with such a role, in B. japonicum the genes in the 
diterpenoid biosynthesis operon are expressed upon bacterial differentiation in the 
nodules to the nitrogen-fixing bacteroid form, and to a much lesser extent under 
microanaerobic culture conditions, which mimic those found in the nodules (Pessi et al., 
2007). This expression is dependent on the symbiotic specific sigma factor RpoN and 
associated transcription factor NifA (Hauser et al., 2007). Similarly, expression of the 
genes from the diterpenoid biosynthesis operon in R. etli also depends on RpoN and 
NifA, and occurs under similar conditions – i.e., in nodules and under microanaerobic 
conditions (Salazar et al., 2010). In addition, upstream of the diterpenoid biosynthesis 
operon in the other two genera, there are sequences suggestive of regulation by the 
RpoN-NifA regulon as well. In particular, putative binding sites for both NifA and RpoN, 
  
51 
specifically the same sites identified upstream of the diterpenoid biosynthesis operon in 
R. etli (Salazar et al., 2010).  
Given that ent-kaurene is the olefin intermediate in biosynthesis of the gibberellin 
phytohormones in both plants and fungi (Hedden et al., 2001), coupled to previous 
reports of bacterial production of gibberellins (Bottini et al., 2004), we have hypothesized 
that the capacity to produce this diterpene is indicative of the ability to produce 
gibberellins (Morrone et al., 2009a). However, although it has been reported that B. 
japonicum produces gibberellin A3 (GA3) under standard liquid culture conditions 
(Boiero et al., 2007), we have been unable to detect this, or ent-kaurene, from B. 
japonicum grown under the previously described conditions, or even under 
microanaerobic conditions. In addition, we were unable to detect production of ent-
kaurene from any of the other rhizobia examined here under aerobic or microanaerobic 
culture conditions.  
While the rhizobial symbiotic modules (plasmid or genomic island) are known to 
be distributed via horizontal gene transfer, the diterpenoid biosynthetic operon seems to 
be separately distributed, albeit via selective integration into the symbiotic module. For 
example, it has been noted that this cytochrome P450 rich gene cluster exhibits a 
different G+C content relative to the rest of the symbiotic plasmid in S. fredii NGR234 
(Freiberg et al., 1997). The phylogenetic relationship of the CPS genes from the analyzed 
rhizobial diterpenoid biosynthesis operons, for which homologs are evident in other 
bacteria, is distinct from that for the gene for the nitrogenase subunit NifK (Figure 5). 
This suggests that the diterpenoid biosynthetic operon, which is not found in all such 
rhizobial symbiotic modules in any case, has been independently incorporated into these 
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symbiotic modules. Although it has already been shown that polar disruption of the initial 
CYP112 gene in B. japonicum has no discernable effect on its ability to nodulate soybean 
or fix nitrogen (Tully and Keister, 1993), the resulting diterpenoid natural product may 
provide some selective advantage in the symbiotic growth phase of the rhizobia where it 
has been incorporated.  
 
Discussion 
The results presented here demonstrate scattered distribution within the rhizobia 
of a diterpenoid biosynthetic operon, with functional conservation of at least the capacity 
for production of ent-kaurene (Figures 2 and 4), although the final diterpenoid end 
product(s) remains unclear at this time. The location of this operon in the symbiotic 
module of the relevant rhizobia, along with its previously demonstrated transcription in 
response to bacteroid differentiation in nodules, indicates a role for the resulting 
diterpenoid natural product in the symbiotic relationship of these rhizobia with their host 
plants. While the exact physiological function of this diterpenoid remains unclear at this 
time as well, the scattered distribution of the operon, which appears to be a result of its 
apparently independent horizontal gene transfer between symbiotic modules, suggests 
that it provides a selective advantage only under certain conditions. Nevertheless, the 
striking conservation of this diterpenoid biosynthetic operon hints at its importance. 
Intriguingly, the characterized operons are all from rhizobia associated with determinate, 
rather than indeterminate, nodules. While nodule type is specified by the host plant 
species (Oke and Long, 1999; Oono et al., 2010), rhizobial specificity for plant host 
species indirectly controls bacterial nodulation phenotypes. Accordingly, it is tempting to 
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speculate that the diterpenoid product of this operon specifically plays a role in rhizobial 
interactions within determinate nodules, providing a direction for future investigations.  
 
Materials And Methods 
General  
Unless otherwise noted, all molecular biology reagents were purchased from 
Invitrogen and all other chemicals from Fischer Scientific. B. japonicum USDA110 was 
obtained from Dr. Michael Sandowsky (Univ. Minnesota), Mesorhizobium loti 
MAFF303099, Sinorhizobium fredii NGR234 and Rhizobium etli CFN42 were all 
obtained from Dr. Philip Poole (John Innes Centre), while Sinorhizobium meliloti 1021 
was obtained from Dr. Kathryn Jones (Florida State University). Escherichia coli was 
grown at 37 or 16 °C on either NZY (for cloning) or TB medium (for expression). 
Rhizobia were cultured with YEM medium at 28 °C. When necessary, 1.8% agar was 
added to the relevant medium to pour plates. Where applicable, antibiotics were used at 
the following concentrations: chloramphenicol – 30 µg/mL, carbenicillin – 50 µg/mL, 
spectinomycin – 50 µg/mL, kanamycin – 50 µg/mL. Liquid cultures were grown with 
vigorous shaking (200 rpm), generally in 250 mL Erlenmeyer flasks with 50 mL media. 
Microanaerobic cultures were grown in YEM media with 10 mM KNO3 under an 
atmosphere of nitrogen gas (N2) and ~0.5% oxygen with moderate shaking (80 rpm) in 
rubber-stoppered flasks, with the atmosphere exchanged every 12 hours (N2 blown into 
the flasks for 15 min).  
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Sequence retrieval and analysis  
All sequences were retrieved from the National Center for Biotechnology 
Information (NCBI) website. The amino acid sequence of the previously characterized 
KS from B. japonicum (BjKS) was used as a query for BLAST searches against the 
rhizobiales order (taxid: 356) on the NCBI website (Altschul et al., 1990). This also was 
done using the CPS from B. japonicum (BjCPS) amino acid sequence as the query 
sequence. Sequence analyses were carried out with the CLC Main Workbench program 
(version 6.8.4). Alignments used the following parameters: Gap Open Cost – 10, Gap 
Extension Cost – 10, End Gap Cost – As any other. Trees were prepared using the 
Neighbor Joining algorithm with a bootstrap analysis of 1000 replicates. PAUP analysis 
was used to confirm the topology of the resulting trees. The presented phylogenetic 
analyses were carried out using genes encoding biochemically analogous proteins from as 
distantly related species as possible as the out-group sequences. For CPS the out-group 
sequence was that for the ent-CPP producing CPS from Streptomyces sp. KO-3988 
(GenBank AB183750)(Kawasaki et al., 2004), which falls within the Actinobacteria 
phylum. For NifK the out-group sequence was from Azotobacter vinelandii (GenBank 
gene ID Avin_01400), which falls within the proteobacteria phylum, but is in the distinct 
gammaproteobacteria class.  
 
Cloning and characterization of CPS and KS  
Genomic DNA was isolated from rhizobia using the Generation Capture Kit 
(Qiagen) following the manufacturers protocol. Each CPS and KS gene was amplified via 
PCR from genomic DNA and cloned into pENTR-SD-dTOPO (Invitrogen). Biochemical 
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characterization of the CPS-KS pair from each species of rhizobia was carried out as 
described previously for B. japonicum (Morrone et al., 2009a). Briefly, the KS genes 
were sub-cloned into the plasmid pGG-DEST, which carries a GGPP synthase gene, and 
the CPS genes sub-cloned into pDEST14. This enabled use of a previously described 
metabolic engineering system, which included analogous constructs with the CPS and KS 
from Arabidopsis thaliana (Cyr et al., 2007). Accordingly, the E. coli strain OverExpress 
C41 (Lucigen) was transformed with the various combinations of pGG-DEST::CPS and 
pDEST14::KS plasmids described below, along with pIRS [i.e., to increase the 
isoprenoid precursor pool, as described (Morrone et al., 2010)]. Liquid cultures (50 mL) 
of the resulting recombinant E. coli were induced at an optical density of 0.6, the pH 
adjusted to 7.1 and grown at 16 °C for 72 hours. The cultures were then extracted with an 
equal volume of hexanes, which was separated out, dried in a rotary evaporator, and the 
residue resuspended in 100 µL hexanes. This concentrated extract was analyzed by gas 
chromatography (GC) carried out on a Varian (Palo Alto, CA) 3900 GC with Saturn 2100 
ion trap mass spectrometer (MS) in electron ionization (70 eV) mode.  Samples (1 µL) 
were injected in splitless mode at 50 °C and, after holding for 3 min. at 50 °C, the oven 
temperature was raised at a rate of 14 °C/min. to 300 °C, where it was held for an 
additional 3 min.  MS data from 90 to 600 m/z were collected starting 12 min. after 
injection until the end of the run. The production of ent-kaurene was verified by 
comparison of mass spectra and retention time to an authentic standard (enzymatically 
produced by the characterized CPS and KS from A. thaliana).  
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Mapping the diterpenoid biosynthesis operon  
A 20 kB region surrounding each biochemically characterized KS was 
downloaded from the NCBI website and further analyzed. The predicted genes that were 
either homologous to those in the B. japonicum operon or had plausible predicted 
functions in (di)terpenoid biosynthesis were identified by alignment and open reading 
frame prediction. In each case, the boundaries of each operon were clear from the 
predicted functions of the adjacent genes and their position in the genome. Putative RpoN 
and NifA binding sites were identified by searching for identical matches in the upstream 
region of each operon to previously defined 16-nucleotide motifs (Salazar et al., 2010).  
 
Characterization of GGPS 
Fragments from the 3ʹ′ region of the operon from S. fredii including genes for 
GGPS-CPS-KS or CPS-KS only were amplified via PCR from genomic DNA. These 
were cloned into pZeroBlunt, and then sub-cloned into a previously described S. meliloti 
overexpression vector (Jones, 2012),  pstb-LAFR5 (obtained from Dr. Kathryn Jones, 
Florida State University), using BamHI and EcoRI restriction sites introduced by PCR. 
The resulting constructs were transformed in to S. meliloti 1021 by conjugation from E. 
coli. These recombinant strains were grown for three days, then the total culture extracted 
with an equal volume of hexanes. This organic extract was separated out and dried under 
a gentle stream of N2, with the residue resuspended in 100 µL of hexanes for analysis by 
GC-MS, as described above.  
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Analysis of rhizobial diterpenoid production  
Liquid cultures grown under aerobic or microanaerobic conditions were harvested 
3, 6 or 9 days after inoculation, and the cells separated from the spent media by 
centrifugation (15 min. at 10,000 × g). For analysis of gibberellin content, the supernatant 
was acidified to pH 2.5 with acetic acid, and then extracted with an equal volume of ethyl 
acetate saturated with acetic acid (1% v/v). This organic extract was separated and passed 
over a 1 mL HP-20 resin column, which was then eluted with 3 mL each of 1% acetic 
acid in dH2O, 40% and 80% methanol (v/v in dH2O with 1% acetic acid). Each of these 
fractions was dried in a rotary evaporator and the residue resuspended in 100 µL acetic 
acid-saturated ethyl acetate for analysis by GC-MS as described above. For analysis of 
the ent-kaurene intermediate, the total culture was directly extracted with an equal 
volume of hexanes, which was separated out and passed over a 1 mL silica gel column to 
remove contaminating polar compounds, with the resulting organic extract dried under a 
gentle stream of N2, and the residue resuspended in 100 µL of hexanes, for analysis by 
GC-MS, again as described above.  
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Table 
 
Table 1. Rhizobial KS and CPS homologs 
Genus species KS 
% Id to 
BjKS CPS 
% Id to 
BjCPS 
Bradyrhizobium japonicum NP_768790 – NP_768789 – 
 
elkanii WP_018270013 91 WP_016845990 92 
 
WSM1253 WP_007600190 89 WP_007600189 91 
 
WSM471 WP_007605894 88 WP_007605892 91 
Mesorhizobium loti NP_106894 93 NP_106893 93 
 alhagi WP_008838313 94 WP_008838314 95 
 
amorphae WP_006204703 93 WP_006204702 93 
 
ciceri YP_004144785 92 YP_004144784 92 
 
STM 4661 WP_006329103 92 WP_006329109 93 
 
WSM4349 WP_018457688 92 WP_018457687 93 
Sinorhizobium fredii NP_443948 92 NP_443949 95 
 
meliloti WP_018098888 91 WP_018098887 94 
 
medicae WP_018009727 90 WP_018009726 92 
Rhizobium etli NP_659792 87 NP_659791 86 
 
tropici YP_007335933 87 YP_007335932 90 
 
CCGE 510 WP_007636919 88 WP_007636921 87 
 
grahamii WP_016558477 71 WP_016558476 72 
 
mesoamericanum WP_007539161 69 WP_007539159 72 
 
 
 
 
 
Figures  
 
 
 
Figure 1. Production of ent-kaurene by B. japonicum. Shown are the steps catalyzed by 
the characterized ent-copalyl diphosphate synthase (CPS) and ent-kaurene synthase (KS).  
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Figure 2. GC-MS selected ion (m/z = 272) chromatograms demonstrating production of 
ent-kaurene from GGPP by co-expressing CPS and KS from (A) M. loti, (B) S. fredii, and 
(C) R. etli, along with (D) an authentic standard (from co-expression of the CPS and KS 
from Arabidopsis thaliana) in E. coli (along with a GGPP synthase).  
 
 
 
 
 
Figure 3. Schematic of diterpenoid biosynthesis operon from designated rhizobia (gene 
designations as described in the text).  
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Figure 4. GC-MS selected ion (m/z = 272) chromatograms demonstrating production of 
ent-kaurene from S. meliloti 1021 expressing the GGPS-CPS-KS, but not CPS-KS alone, 
from S. fredii NGR234.  
 
 
 
 
Figure 5. Molecular phylogenetic analysis of (A) genes for the characterized rhizobial 
CPS and (B) genes for the nitrogenase sub-unit NifK from the same rhizobia. SsCPS and 
AzNifK are the out-group sequences, as described in the text.  
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Abstract 
Among their responses to microbial infection, plants deploy an arsenal of 
antibiotic natural products. While these have been identified on the basis of their 
antibiotic activity in vitro, this leaves open the question of their relevance to defense in 
planta. The vast majority of such natural products from the important crop plant rice 
(Oryza sativa) are diterpenoids whose biosynthesis proceeds via either ent- or syn-copalyl 
diphosphate (CPP) intermediates, and which were isolated on the basis of their antibiotic 
activity against the fungal blast pathogen Magnaporthe oryzae. Rice plants in which the 
syn-CPP synthase (Os-CPS4) is knocked out do not exhibit increased susceptibility to M. 
oryzae, instead exhibiting decreased allelopathy. Here, rice plants in which the ent-CPP 
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synthase Os-CPS2 is knocked out are found to exhibit increased susceptibility to M. 
oryzae, but also to the bacterial leaf blight pathogen Xanthomonas oryzae pv. oryzae. 
Nevertheless, based on the observation that rice plants direct significant metabolite levels 
towards syn-CPP derived diterpenoids upon elicitation, further investigation revealed that 
Os-CPS4 does play a role in non-host disease resistance. Altogether, these results 
establish the relevance of diterpenoids to rice plant defense, and also provide insight into 
their metabolite levels, which seems to have evolved to balance production according to a 
complex range of physiological roles.  
 
Introduction 
Plants deploy an arsenal of antimicrobial natural products during pathogen 
infection (Bednarek and Osbourn, 2009). This is one means of effective means of 
defense. However, the underlying studies mostly rely on demonstrated antibiotic activity 
in vitro, with such antibiotics whose production is strongly induced by infection termed 
phytoalexins, while those constitutively present are termed phytoanticipans (VanEtten et 
al., 1994). The relevance of such natural products to plant defense is most rigorously 
supported by genetic evidence using gene knockout lines in which the compound(s) of 
interest can no longer be produced, but the remainder of the plant defense response has 
been retained. Such evidence has been provided in at least a few cases (Ahuja et al., 
2012). For example, camalexin and certain sesquiterpenes in Arabidopsis, as well as 
triterpenoid saponins in oats, all clearly play a role in plant defense against infection by 
certain pathogens (Papadopoulou et al., 1999; Thomma et al., 1999; Huang et al., 2012). 
Nevertheless, in other cases such genetic analysis does not support the relevance of at 
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least some phytoalexins to the plant defense response. Of particular relevance here, 
despite being the first identified rice phytoalexins against the fungal blast pathogen 
Magnaporthe oryzae (Cartwright et al., 1981), the momilactones do not play an important 
role in rice plant defense (Xu et al., 2012).  
Almost all of the identified antibiotic natural products from the important crop 
plant rice (Oryza sativa) are diterpenoids (Schmelz et al., 2014). In particular, labdane-
related diterpenoids and its biosynthesis can be traced back to that of the gibberellin 
phytohormones (Peters, 2010). Most of these compounds, specifically momilactones A & 
B, oryzalexins A-F, oryzalexin S and phytocassanes A-F, were originally isolated and 
identified on the basis of their activity against M. oryzae (Peters, 2006) (Fig. 1). Infection 
by M. oryzae further strongly induces accumulation of these labdane-related diterpenoids 
(Hasegawa et al., 2010), which then seem to be phytoalexins. The remaining diterpenoid 
antibiotics, including oryzalide A and B, oryzalic acid A and B and oryzadione I to III 
(Toyomasu, 2008), all of which are termed oryzalide-related here, were isolated and 
identified on the basis of their activity against the bacterial leaf blight pathogen 
Xanthomonas oryzae pv. oryzae (Xoo). The production of these labdane-related 
diterpenoids is only weakly induced by Xoo infection (Watanabe et al., 1996), and they 
then seem to be phytoanticipans.  
As with the vast majority of phytoalexins, these rice labdane-related diterpenoids 
have been assumed to be relevant to plant defense on the basis of their antibiotic activity 
in vitro. However, it should be noted that the momilactones were actually first isolated on 
the basis of their plant growth suppressing activity (Kato et al., 1973), and are 
constitutively secreted from the roots into the soil, where they have long been suggested 
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to act as allelochemicals, most specifically momilactone B (Kato-Noguchi and Peters, 
2013). This offers an alternative rationale for the production of at least the momilactones. 
Nevertheless, momilactones, as well as phytocassanes, accumulate in leaves upon 
infection by M. oryzae (Hasegawa et al., 2010). In addition, both the momilactones and 
phytocassanes have recently been shown to accumulate specifically at the site of Xoo 
infection in rice leaves (Klein et al., 2015).  
The defining characteristic of labdane-related diterpenoids is their biosynthetic 
origin from bicyclization of the general diterpenoid precursor (E,E,E)-geranylgeranyl 
diphosphate (GGPP) catalyzed by class II diterpene cyclases (Peters, 2010). This most 
often results in the production of the eponymous labdadienyl/copalyl diphosphate (CPP), 
with the relevant enzymes then termed CPP synthases (CPSs; Fig. 1). All vascular plants 
seem to produce the labdane-related diterpenoid gibberellins as phytohormones, and this 
depends on the production of ent-CPP (Hedden and Thomas, 2012). Rice produces two 
different stereoisomers of CPP, both the requisite ent-CPP, and the diastereomer syn-
CPP. The production of these is catalyzed by three distinct CPSs in rice. Two of these 
produce ent-CPP, both Os-CPS1 and Os-CPS2, while the third, Os-CPS4, produces syn-
CPP (Otomo et al., 2004; Prisic et al., 2004; Xu et al., 2004). Of the two ent-CPP 
producing CPSs, only Os-CPS1 seems to be involved in gibberellin metabolism 
(Sakamoto et al., 2004). On the other hand, transcript levels of Os-CPS2 and Os-CPS4 
are inducible, and both have been suggested to play a role in the production of more 
specialized labdane-related diterpenoids (Peters, 2006). The diterpenes whose 
hydrocarbon structures define the various families of derived diterpenoids are produced 
from ent- or syn-CPP by class I diterpene synthases (Fig. 1), which are related to the ent-
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kaurene synthase (KS) required for gibberellin phytohormone biosynthesis and have been 
termed kaurene synthase-like (KSL).  
Given the presence of two ent-CPP producing CPSs, previous work has focused 
on analysis of the syn-CPP derived labdane-related diterpenoids in rice, whose 
biosynthesis depends only on Os-CPS4. However, it must be noted that, of the identified 
antibiotic labdane-related diterpenoids from rice, only momilactones A & B and 
oryzalexin S are derived from syn-CPP, while the rest are derived from ent-CPP (Fig. 1). 
Analysis of a T-DNA insertion mutant of Os-CPS4 has indicated that these knockout Os-
cps4 plants are not more susceptible to infection with M. oryzae than the parental/wild-
type (WT) line. Additional analysis, including the use of a more specific Os-ksl4 gene 
knockout line, indicates that the momilactones act as allelochemicals (Xu et al., 2012). 
However, another study, using rice plants in which Os-CPS4 expression is knocked-
down, but not completely abolished, suggests that OsCPS4-dependent labdane-related 
diterpenoids do play some role in defense against M. oryzae (Toyomasu et al., 2014). 
This discrepancy may reflect the different genetic backgrounds of the rice lines and 
fungal strains used in each of these studies. In particular, it has been noted that 
susceptible cultivars produce less momilactones and phytocassanes than resistant 
cultivars, at least at early time points (Hasegawa et al., 2010; Klein et al., 2015), and Os-
cps4 is derived from a susceptible line (ssp. japonica cv. Zhonghua 11). Accordingly, 
such reduced and/or delayed production (i.e., even in the parental/WT line) may underlie 
the observed lack of effect with Os-cps4 plants.  
Here evidence is provided indicating that Os-CPS4 dependent diterpenoids (i.e., 
those derived from syn-CPP) are not relevant to rice plant defense against the bacterial 
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pathogen Xoo. Indeed, Os-cps4 plants are more resistant to infection by Xoo. On the other 
hand, Os-cps2 plants are more susceptible to the bacterial leaf blight pathogen Xoo, as 
well as the fungal blast pathogen M. oryzae, indicating that the diterpenoids dependent on 
Os-CPS2 (i.e., derived from ent-CPP) are relevant to plant defense. Interestingly, 
diterpene olefin analysis also indicates increased metabolic flux towards the Os-CPS4 
dependent branch of labdane-related diterpenoid metabolism in Os-cps2 plants. On the 
other hand, there is more metabolic flux towards the ent-CPP derived branch of labdane-
related diterpenoid metabolism in Os-cps4 plants, which presumably explains the 
increased resistance of Os-cps4 rice to infection by Xoo. Nevertheless, Os-cps4 plants are 
more susceptible to Magnaporthe poae, a fungal pathogen that normally does not infect 
rice, indicating a role for Os-CPS4 in non-host disease resistance. Accordingly, our 
results provide insight into the physiological role of diterpenoids and their metabolic flux 
in the microbial defense response of the important crop plant rice.  
 
Results  
Characterization of Os-cps2  
The production of ent-CPP for more specialized diterpenoid metabolism in rice 
has been hypothesized to largely depend on Os-CPS2. Based on the availability of an Os-
CPS2 insertion mutant, a reverse genetics approach was undertaken to investigate the 
biological function of the ent-CPP derived diterpenoids. A homozygous Os-cps2 line was 
obtained, as identified by PCR verification of the T-DNA insertion into the sixth exon of 
the gene (Fig. S1). As expected, Os-CPS2 transcripts could no longer be detected in these 
plants, even following induction with methyl jasmonate (Me-JA) (Fig. 2A). Me-JA has 
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been shown to induce accumulation of transcripts for both Os-CPS2 and Os-CPS4 (Prisic 
et al., 2004; Xu et al., 2004), along with the derived labdane-related diterpenes (Morrone 
et al., 2011), and plays a role in induction of diterpenoid phytoalexins (Riemann et al., 
2013; Shimizu et al., 2013), as well as rice plant defense more generally (Yang et al., 
2013). These Os-cps2 plants exhibited only minor reductions in growth (≤ 10%), largely 
consistent with the previously suggested predominant role of Os-CPS1 in gibberellin 
metabolism. In addition, following induction with Me-JA, there was a clear reduction in 
the levels of several ent-CPP derived diterpenes in these plants relative to its parental/WT 
line (ssp. japonica cv. Nipponbare), most notably ent-sandaracopimaradiene (Fig. 2B).  
 
Susceptibility of Os-cps2 to M. oryzae and X. oryzae pv. oryzae  
Given that some ent-CPP dependent diterpenoids have been suggested to serve as 
phytoalexins against M. oryzae (Peters, 2006), while others have been suggested to be 
phytoanticipans against Xoo (Schmelz et al., 2014), the susceptibility of Os-cps2 rice 
relative to its parental/WT line to both microbial pathogens was investigated. Infecting 
leaves with a rice isolate of M. oryzae (Guy 11) causes disease symptoms on both Os-
cps2 and its parental/WT rice (Fig 3). However, there was a significant difference in the 
percentage of infected/necrotic area of leaves from Os-cps2 plants (9.5 ± 0.8 %), relative 
to that for its parental/WT line (2.9 ± 0.7 %), indicating that this mutant is more 
susceptible to M. oryzae and, hence, ent-CPP derived diterpenoids seem to serve an 
effective role in rice plant defense against this fungal pathogen (p < 0.001 in an unpaired 
student’s t-test). Moreover, when infected with Xoo via a leaf clip method Os-cps2 rice 
exhibited significantly longer lesion lengths than its parental/WT line (p < 0.01 in an 
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unpaired student’s t-test) (Fig. 4), indicating that this mutant also is more susceptible to 
Xoo. Thus, ent-CPP derived diterpenoids seem to serve an effective role in rice plant 
defense against this bacterial pathogen as well. This is consistent with the known anti-
fungal activity of the ent-cassadiene-derived phytocassanes, and anti-bacterial activity of 
the oryzalide-related diterpenoids, which are potentially derived from ent-kaurene, and 
certainly its endocyclic double bond isomer ent-isokaurene (Fig. S2). 
 
Characterization of Os-CPS2 over-expressing plants  
In order to provide further evidence for the relevance of ent-CPP-derived 
diterpenoids to rice defense against microbial pathogens, plants that over-express Os-
CPS2 were generated. Three lines whose enhanced expression of Os-CPS2 was verified 
by RT-PCR were then selected for further characterization (Fig. S3). Critically, these Os-
CPS2OE plants exhibited normal growth and development, indicating that their 
gibberellin phytohormone levels were not affected. Nevertheless, there was a clear 
increase in the levels of ent-CPP derived diterpenes, most notably ent-kaurene, following 
treatment with Me-JA (Fig. 5A). Indeed, even without Me-JA treatment, increased levels 
of ent-kaurene and ent-isokaurene were observed (Fig. 5B). Given that these are 
precursors to the oryzalide-related anti-bacterial phytoanticipans (Fig. S2), plants from all 
three Os-CPS2OE lines were infected with Xoo, along with parental/WT plants (ssp. 
japonica cv. Kitaake). The Os-CPS2OE plants exhibited significantly shorter lesion 
lengths relative to its parental/WT line (p < 0.01 in an unpaired t-test), indicating 
increased resistance to bacterial leaf blight (Fig. 5C). This result supports a role for ent-
CPP derived diterpenoids as anti-bacterial agents in rice plant defense, at least against 
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Xoo, consistent with the previously known anti-Xoo activity of the oryzalide-related 
diterpenoids.  
 
Resistance of Os-cps4 to X. oryzae pv. oryzae infection  
The results with Os-CPS2OE suggest that increased metabolite levels in ent-CPP 
derived diterpenoids increases resistance to Xoo. Examination of the Os-cps2 diterpene 
content suggested that these plants produce increased amounts of syn-CPP derived 
diterpenes (Fig. 2B). Hypothesizing that the converse might occur with Os-cps4 (Fig. 1), 
the diterpene content of this mutant was analyzed and compared to that of its 
parental/WT line (ssp. japonica cv. Zhonghua 11). Indeed, there is an increase in ent-CPP 
derived diterpenes upon treatment with Me-JA, particularly ent-kaurene and ent-
isokaurene, in Os-cps4 versus its parental/WT plants (Fig. 6A). It has already been 
reported that Os-cps4 plants are no more susceptible to infection with M. oryzae, as well 
as the rice fungal pathogen Fusarium fujikuroi, than its parental/WT line (Xu et al., 
2012). Given the resistance to Xoo observed with Os-CPS2OE, analogous infections were 
carried out with Os-cps4 and its parental/WT line. Intriguingly, Os-cps4 plants exhibited 
significantly shorter lesion length relative to those from its parental/WT line (p < 0.01 in 
an unpaired student’s t-test), indicating that this mutant has increased resistance to the 
bacterial leaf blight disease (Fig. 6B). Again, this supports not only the known anti-Xoo 
activity of the oryzalide-related diterpenoids, but also, particularly given the dramatic 
increase observed here, a role for ent-kaurene as a precursor – e.g., to orzyalide B (Fig. 
S2).  
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Characterizing metabolite levels  
Beyond the various labdane-related diterpenes shown in Fig. 1, the targeted 
metabolite analysis employed here also found the more general diterpene casbene. 
Casbene was directly formed from GGPP, and its was recently identified as an 
intermediate in rice diterpenoid phytoalexin (+)-10-oxodepressin biosynthesis (Inoue et 
al., 2013). Notably, both Os-cps2 and Os-cps4 plants accumulate increased levels of 
casbene relative to their parental/WT lines (Figs. 2B & 6A). Given the contrasting 
susceptibilities of these two mutants to infection, this suggests that the derived (+)-10-
oxodepressin also is not a major component of rice plant defense against M. oryzae or 
Xoo. Nevertheless, it also indicates that there is a distinct pool of GGPP that is tapped for 
more specialized diterpenoid metabolism. This seems to be distinct from that utilized for 
gibberellin biosynthesis given the lack of effect of either knocking out or over-expressing 
Os-CPS2 on plant growth and development, or that utilized in the production of 
photosynthetic pigments, the latter of which presumably reflects the predominant 
metabolic fate for GGPP overall. These distinct pools may reflect the separation of these 
various metabolic processes into distinct tissues, as Os-CPS1, required for gibberellin 
metabolism, is expressed in the vascular bundle, while the inducible Os-CPS2 is largely 
expressed in epidermal cells, separate from the mesophyll where photosynthesis is 
localized (Toyomasu et al., 2015).  
Also noteworthy is the presence in uninduced leaves of the endo/exo double-bond 
isomers of syn-stemarene (peak 9) and syn-stemodene (peak 10) produced by Os-KSL8 
(Fig. 5B) (Xu et al., 2007). Besides that, there are small amounts of syn-pimaradiene, 
rather than the ent-isokaurene and/or ent-kaurene that might have been expected from the 
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phytoanticipans nature of the derived oryzalide-related diterpenoids (Fig. 5B). The 
constitutive accumulation of syn-stemarene/stemodene is somewhat surprising as Os-
KSL8 mRNA levels are clearly inducible (Nemoto et al., 2004). While the only known 
derived diterpenoid, oryzalexin S (Fig. 1), has been defined as a phytoalexin rather than 
phytoanticipan (Tamogami et al., 1993), this is only a single metabolite, derived from the 
endo-syn-stemarene major product, and alternative metabolic fates for this seem possible, 
along with the unknown fates for the other Os-KSL8 products. Thus, it seems likely that 
there is some other role for the syn-stemarene/stemodene derived diterpenoids. Besides 
that, consistent with the previous report (Morrone et al., 2011), we can also detect the 
presence of syn-labdatriene in CPS4WT (Fig. S5),   
 
Quantifying redirected metabolites 
The results reported above indicate not only that ent-CPP derived diterpenoids are 
effective components of rice plant defense against both the fungal pathogen M. oryzae 
and the bacterial pathogen Xoo, but also that increasing flux to ent-CPP derived 
diterpenoids can enhance resistance. Hypothesizing that closer examination of the altered 
flux exhibited by these various lines might offer further insight into the specific roles of 
the resulting diterpenoids, the content of the defining diterpene precursors in each line 
relative to its parental/WT plants was quantified. As expected, no syn-CPP derived 
diterpenes are observed in Os-cps4 plants, and there seems to be a general increase in ent-
CPP derived diterpenes, although this is not significant for ent-cassadiene (Fig. 7A). The 
increase in levels of ent-isokaurene and ent-kaurene is consistent with the anti-bacterial 
activity assigned to the derived oryzalide-related diterpenoids. Despite their assignment 
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as phytoanticipans it has been noted that there is a small increase (< 4-fold) in the level of 
these compounds in response to Xoo infection (Watanabe et al., 1996), consistent with the 
increased levels of ent-(iso)kaurene observed here following induction. However, it is 
also possible that the observed resistance may be due, at least in part, to increased levels 
of other diterpenoids – e.g., oryzalexins A–F, which are derived from ent-
sandaracopimaradiene (Fig. 1), the accumulation of which is also significantly increased 
in Os-cps4 plants.  
Consistent with the continuing presence of Os-CPS1, which also produces ent-
CPP, Os-CPS1 derived diterpenes can still be found in Os-cps2 plants, albeit with some 
reduction in their amounts, along with some increase in the amounts of syn-CPP derived 
diterpenes, although this is again not significant in all cases (Fig. 7B). Perhaps most 
intriguing is the lack of any detectable ent-sandaracopimaradiene, the precursor to 
oryzalexins A–F, as well as the insignificant changes in levels of ent-isokaurene and ent-
kaurene, the precursors to the only known anti-bacterial diterpenoids, the oryzalide-
related phytoanticipans. The former hints at a role for oryzalexins A–F as phytoalexins 
against Xoo, while the latter suggests that production of the orzyalide-related diterpenoids 
does not strictly depend on Os-CPS2. In any case, the decreased resistance of Os-cps2 
plants to infection, despite the increase in syn-CPP derived diterpenes, further emphasizes 
that the resulting phytoalexins (e.g., the momilactones and oryzalexin S) are not major 
components of rice plant defense against either M. oryzae or Xoo.  
As noted above, overexpression of Os-CPS2 leads to striking increases in the 
level of ent-kaurene and ent-isokaurene in both uninduced and induced plants (Fig. 7C). 
In addition, there are significant increases in the levels of all detectable ent-CPP derived 
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diterpenes upon induction (Fig. 7C). The normal development of the Os-CPS2OE plants 
indicates that there is no change in gibberellin phytohormone metabolism. This is 
consistent with previous results in Arabidopsis thaliana, where over-expression of the 
endogenous CPS led to similar increases in ent-kaurene, but no increase in bioactive 
gibberellins (Fleet et al., 2003). The alternative production of oryzalide-related 
diterpenoids from ent-(iso)kaurene provides another metabolic fate for these diterpenes, 
and presumably underlies the increased resistance of Os-CPS2OE plants to Xoo, but does 
not rule out a role for the other ent-CPP derived diterpenoids in rice plant defense against 
this bacterial pathogen.  
To provide further insight into the observed diterpene accumulation patterns, the 
expression of all rice KSLs, as well as Os-CPS2 and Os-CPS4 in response to Xoo 
infection was examined (Fig. S4). The observed accumulation of ent-kaurene and ent-
isokaurene in uninduced rice plants indicates that Os-KS and Os-KSL6, respectively, 
should be constitutively expressed. Indeed, transcripts of both genes are easily detected in 
uninduced rice leaves. However, despite the lack of accumulation of its ent-pimaradiene 
product, Os-KSL5 transcripts are also clearly present in uninduced rice leaves as well. 
The increased susceptibility of Os-cps2 plants indicates a role for Os-CPS2 in defense, 
including against Xoo, and it was found that Os-CPS2 transcripts accumulate following 
Xoo infection, along with those for Os-KSL7 and Os-KSL10. By contrast, transcripts for 
Os-KS1 and Os-KSL6 are not induced, consistent with assignment of the resulting ent-
(iso)kaurene derived oryzalide-related diterpenoids as phytoanticipans. The lack of 
induction of Os-KSL5 transcripts by Xoo infection suggests that the diterpenoids derived 
from ent-pimaradiene also may serve as phytoanticipans. Perhaps somewhat surprisingly, 
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despite the decreased susceptibility of Os-cps4 plants indicating that syn-CPP derived 
diterpenoids do not play a role in defense, not only transcripts for Os-CPS4, but also the 
subsequently acting Os-KSL4 and the closely related Os-KSL8 & 11, as well as those for 
Os-KSL10 that can act on both ent- and syn-CPP, accumulate following Xoo infection.  
 
A role for Os-cps4 in non-host disease resistance 
Strikingly, the results presented above indicate that syn-CPP derived diterpenoids 
do not have a role in defense against either M. oryzae or Xoo. Indeed, the only role 
indicated for these is as allelochemicals (Xu et al., 2012), which raises the question of 
why Os-CPS4 transcripts accumulate in response to either elicitation with the fungal cell 
wall component chitin (Okada et al., 2007), or the defense signaling molecule Me-JA (Xu 
et al., 2004). Given that allelopathic activity has been convincingly assigned to the Os-
KSL4 dependent momilactones (Xu et al., 2012), it is also unclear why rice would 
constitutively accumulate the syn-stemarene/stemodene products of Os-KSL8. It has been 
shown that rice is resistant to a number of other fungal pathogens from the Magnaporthe 
genus other than rice isolates of M. oryzae (Faivre-Rampant et al., 2008). Hypothesizing 
that Os-CPS4 might be a factor in such non-host disease resistance, a range of M. oryzae 
pathovars (isolated from alternative host plants), and Magnaporthe species (M. grisea, M. 
rhizophila and M. poae) were tested. Given that M. rhizophila and M. poae are root-
directed pathogens, and that M. oryzae can infect rice through the roots as well (Sesma 
and Osbourn, 2004), these infections were directed at the roots of Os-cps4 plants and its 
parental/WT line. As previously reported (Xu et al., 2012), no significant differences 
were observed with the Guy 11 strain (rice isolate) of M. oryzae (Fig. 8A). However, 
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with two other pathovars/strains of M. oryzae (G22, isolated from Eragrostis curvula, 
and JP15, isolated from Elusine coracana), as well as M. grisea (strain BR29, isolated 
from Digitaria sanguinalis) and M. poae (strain 73-1, isolated from wheat, Triticum 
aestivum), Os-cps4 exhibited varying increases in susceptibility relative to its 
parental/WT line (Fig. 8A), perhaps most strongly with M. poae (Fig. 8B). Given the 
constitutive accumulation of Os-KSL8 produced diterpenes, it is tempting to speculate 
that these serve as precursors to anti-fungal phytoanticipans. In any case, these results 
indicate a role for syn-CPP derived diterpenoids in the non-host disease resistance of rice, 
at least against fungi from the Magnaporthe genus, providing a role for Os-CPS4 in plant 
defense against microbial pathogens.  
 
Discussion 
The sheer number of rice diterpenoid phytoalexins isolated on the basis of 
antibiotic activity against M. oryzae raised questions regarding their relevance to plant 
defense. This was heightened by the finding that the Os-CPS4 dependent diterpenoids do 
not appear to play a significant role against M. oryzae, with only a role in allelopathy 
assignable to the more specifically Os-KSL4 dependent momilactones (Xu et al., 2012). It 
was then unclear what role other syn-CPP derived diterpenoids might play. Moreover, the 
role of the many ent-CPP derived diterpenoids also had not yet been proven.  
Here, genetic manipulation of Os-CPS2 and Os-CPS4 was employed to 
demonstrate that, although Os-CPS4 further does not play a role in defense against the 
bacterial pathogen Xoo, Os-CPS2 is relevant to rice plant defense against both Xoo and 
the fungal pathogen M. oryzae. Nevertheless, the observed metabolic flux through Os-
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CPS4 to syn-CPP derived diterpenes indicated that these must play some role in plant 
defense, and additional investigation indicates that the derived diterpenoids are important 
in non-host disease resistance against Magnaporthe species of fungi that are not adapted 
to rice. Indeed, M. oryzae has already been shown to metabolize momilactones 
(Hasegawa et al., 2010), which presumably is at least partially responsible for its ability 
to infect rice. Thus, rice diterpenoid natural products seem to play a number of roles, 
including acting as antibiotics against adapted bacterial and fungal pathogens, as well as 
in non-host disease resistance, along with acting as allelochemicals. Accordingly, the 
complexity of rice diterpenoid metabolism seems to be matched by the variety of 
physiological roles played by these natural products.  
More generally, the results reported here indicate that investigation of metabolic 
flux, enabled by biochemical analyses defining the relevant enzymatic genes, can inform 
reverse genetic approaches. In particular, these results suggest that evolution is unlikely 
to allow significant metabolic flux without an important physiological function. It is now 
of interest to determine if further dissection of the roles played by rice diterpenoids, and 
the clusters of biosynthetic genes that (partially) underlie the production of these natural 
products (Yamane, 2013; Zi et al., 2014), supports this broad hypothesis.  
 
Materials and Methods 
Chemicals 
Unless otherwise noted, all molecular biology reagents were purchased from 
Invitrogen (Carlsbad, CA, USA) and all other chemicals from Fischer Scientific 
(Waltham, MA, USA).  
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Plant materials  
Rice plants (Orzya sativa L. ssp. japonica cv. Nipponbare, Kitaake and Zhonghua 
11) were cultivated to the 6th leaf stage in standard growth chambers cycling between 12 
h light at 28 °C and 12 h dark at 24 °C.  
The Os-cps2 T-DNA insertion mutant RGT1043_5.1 (insert in the sixth exon of 
Os-CPS2; TIGR ID, LOC_ Os02g36210; Fig. S1A) was obtained from the UC-Davis 
Transposable Element Insertion Database. This mutant is in the ssp. japonica cv. 
Nipponbare background. Homozygous Os-cps2 plants were selected by RT-PCR of Os-
CPS2 (i.e., the absence of any cDNA) from the T1 generation. Homozygous Os-cps2 
plants were verified in the T2 generation and propagated to provide seeds for the 
experiments described here.  
The Os-cps4 T-DNA insertion mutant RMD_03Z11UZ33, and selection of a 
homozygous line, has been previously described (Xu et al., 2012). This mutant is in the 
cv Zhonghua 11 background.  
 
Transcriptional expression analysis 
RT-PCR was used to determine the level of gene expression following induction 
with methyl-jasmonate (Me-JA). For induction, leaves were detached from 1 month old 
plants, treated with 2 mL 0.1% Tween 20 + 0.2% Me-JA (vol/vol) per leaf and then 
incubated for 24 h, while control leaves were only treated with the 0.1% Tween 20 carrier 
solution.  
Total RNA was extracted from these leaves 24 h after induction with Me-JA, 
using the RNeasy Plant Mini Kit (Qiagen). Template cDNA was generated from 500 ng 
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of DNAse-treated RNA using the iScript Reverse Transcription kit (BioRad, Hercules, 
CA, USA), following the manufacturer’s instructions. This cDNA preparation was used 
as the template for PCR with gene-specific primers CPS2RT F and CPS2RT R. 
Transcription Factor TFIIAγ5 (LOC_Os05g01710) was used as internal control for rice 
genes.  
 
Over-expression vector construction and rice transformation 
The open reading frame for Os-CPS2 was amplified from cDNA by PCR using 
the primer OE CPS2F and OE CPS2R, introducing unique restriction sites at the 5ʹ′ and 3ʹ′ 
ends, EcoRI and SpeI, respectively. The PCR fragment was cloned into the EcoRI ⁄ SpeI 
restriction sites of the binary vector pBY02, such that expression is under the control of a 
cauliflower mosaic virus (CaMV) 35S promoter. The resulting vector construct was 
transformed into Agrobacterium tumefaciens EHA105 by electroporation. Immature 
embryo derived callus cells of rice (cv. Kitaake) were transformed by adapting a 
previously described protocol (Hiei et al., 1994). Transformed calli and regenerated 
plantlets were selected on media containing hygromycin B, with the resulting plants 
grown to seed, and Os-CPS2 overexpression confirmed by PCR. Selection was carried 
out for three more generations to obtain non-segregating homozygous Os-CPS2OE 
plants. Three independent lines that exhibited strong over-expression of Os-CPS2 were 
selected for further analysis (Fig. S5).  
 
 
 
  
83 
Extraction and quantification of diterpenes 
Rice plants were cultivated to the 6th leaf stage. For induction, detached leaves (3 
g) were induced with 10 mL 0.2% Me-JA (in 0.1% Tween 20), wrapped with aluminum 
foil and incubated in the dark at room temperature (24 °C) for 72 h. The leaves were then 
frozen and ground to powder in liquid nitrogen, and the residue suspended in 200 mL 
hexanes, with the addition of 53 µg of the diterpene cembrene A (Sigma-Aldrich) as an 
internal standard (i.e., cembrene A is not found in rice) per g fresh leaf weight. This 
slurry was stirred for 12 hours at room temperature. The hexane was collected by 
filtration through Whatman filter paper and the residue was extracted twice more with 
200 mL hexanes. The pooled 600 mL hexane extract was then dried by rotary 
evaporation. The residue was re-suspended in 12 mL hexanes. The organic extract was 
fractionated by passage over an open column filled with 20 mL silica gel (J.T. Baker, PA, 
USA), which was then washed with a further 60 mL of hexanes, with 6 x 12 mL fractions 
collected in glass tubes throughout. Each fraction was dried under nitrogen gas, and the 
residue was re-suspended in 100 µL of hexanes for quantification.  
The concentrated fractions were analyzed by gas chromatography (GC) carried 
out on an HP-5ms column (Agilent, 0.25 µm Film, 0.25 mm ID, Length 30 m) using a 
Varian (Palo Alto, CA, USA) 3900 GC with detection via a Saturn 2100 ion trap mass 
spectrometer (MS) in electron ionization (70 eV) mode. Samples (1 µL) were injected in 
splitless mode at 50 °C and, after holding for 3 min at 50 °C, the oven temperature was 
raised at a rate of 18 °C/min to 194 °C. Then the oven temperature was raised at a rate of 
0.1 °C/min from 194 °C to 195 °C. After that, the temperature was raised at a rate 20 
°C/min to 300°C, where it was held for an additional 2 min. MS data from 90 to 300 m/z 
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was collected starting 10 min after injection until the end of the run. Diterpenes were 
identified by comparison of their retention times and mass spectra with those of authentic 
standards. For each sample, all fractions containing diterpenes were pooled together 
(generally fractions 2-4) for relative quantification, with normalization accomplished by 
comparison of the total ion peak areas for the rice diterpenes to that of the internal 
standard.  
Due to the partial overlap of certain diterpenes in the method described above, a 
longer temperature ramp was employed to separate these, particularly syn-labdatriene 
(Fig. S5), as well as verify that the recently identified ent-beyerene product of Os-KSL2 
(Tezuka et al., 2015) was not detected in our samples. This was accomplished by 
injecting 1 µL samples in splitless mode at 60 °C and, after holding for 3 min at 50 °C, 
the oven temperature was raised at a rate of 3 °C/min to 246 °C. After that, the 
temperature was raised at a rate 20 °C/min to 300°C, where it was held for an additional 
2 min. MS data from 90 to 300 m/z was collected starting 5 min after injection until the 
end of the run. Again, diterpenes were normalized by comparison of their peak area to 
that of the internal standard. 
 
Disease resistance assay  
Magnaporthe infection assays were carried out as previously described (Sesma 
and Osbourn, 2004). Xoo infections were carried using the leaf-clipping method 
(Kauffman et al., 1973), using the fully expanded leaves of 8-week-old rice plants and 
inoculating with Xoo strain PXO99A. Xoo was grown for 2-3 days on TSA (1% wt/vol 
Tryptone, 1% sucrose, 0.1% glutamic acid, 1.5% agar, pH 6.6-6.8) plates at 28 °C, 
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scraped off and resuspended in sterile dH2O. This suspension was then adjusted to an 
optical density of 0.5 at 600 nm before use for infections. After clipping, lesion lengths 
consisting of grayish chlorotic coloration below the inoculated leaf tips along the main 
vein was measured 14 days after inoculation.  
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Figures 
 
 
 
Figure 1. Rice labdane-related diterpenoids biosynthetic network. CPS, copalyl 
diphosphate synthase. KSL, kaurene synthase like. Thicker arrow indicates enzymatic 
reactions specifically involved in GA metabolism; dashed arrows indicate multiple 
enzymatic reactions. 
 
 
 
 
 
 
 
 
 
 
 
OPP OPPGGPP
syn-CPP ent-CPP
syn-stemar-
13-ene
syn-pimara-
7,15-diene
ent-sandaraco-
pimaradiene
ent-cassa-12,
15-diene
ent-kaurene
H
OsKSL8
OsKSL4
OsKSL7
OsKS1
OsKSL10
OsKSL11
H
syn-stemod-
13(17)-ene
ent-isokaurene
OsKSL6
OsCPS4
OPP
H
H H
H H
H
H
H
H H
ent-pimara-8(14),
15-diene
H
OsKSL5
Oryzalexin S ???
OsCPS1
OsCPS2
syn-labda-8(17),
12E,14-triene
H
OsKSL10
GAMomilactones A & B ??? ??? Oryzalides A-C Oryzalexins A-F
Phytocassanes A-F
  
90 
 
 
Figure 2. Transcriptional and chemical characterization of Os-cps2 mutant 
A) Transcriptional identification of Os-cps2. After Me-JA treatment, transcriptional 
expression of OsCPS2 in the its wild-type and Os-cps2. Actin expression was used as a 
control. B) Chemical characterization of Os-cps2 mutant with Me-JA treatment. Gas 
chromatograph verification of decrease in Os-CPS2 dependent diterpenes in rice leaves. 
Numbers indicate the corresponding diterpenes: 1. Internal Standard (cembrene) 2. syn-
pimara-7,15-diene 3. casbene 4. ent-pimara-8(14), 15-diene 5. ent-sandaraco-pimaradiene 
6. ent-isokaurene 7. syn-stemar-13-ene 8. ent-kaurene 9. syn-stemod-12-ene 10. putative 
syn-exo-stemar-13-ene 11. ent-cassa-12, 15-diene 12. syn-stemod-13(17)-ene  
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Figure 3. Os-cps2 has increased susceptibility to M. oryzae fungal blast disease (* 
percentage of diseased area) (***, P < 0.001). Left panel: phenotypes of susceptibility of 
Os-cps2 to M. oryzae infection. Right panel: percentage of diseased area of Os-cps2 
compared with WT.  
 
 
Figure 4. Os-cps2 has increased susceptibility to Xoo bacterial blight disease. Left panel: 
phenotypes of susceptibility of cps2 to Xoo infection. Right panel: percentage of diseased 
area of Os-cps2 compared with WT. (**, P < 0.01) (n=15). 
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Figure 5. Chemical analysis and phenotype of Os-CPS2OE with its wild-type. 
A) is with Me-JA treatment and B) is without Me-JA treatment. Gas chromatograph 
verification of increase in OsCPS2 dependent diterpenes in Me-JA induced Os-CPS2OE  
and un-induced Os-CPS2OE rice leaves respectively. 1. Internal standard (cembrene) 2. 
syn-pimara-7,15-diene 3. casbene 4. ent-pimara-8(14), 15-diene 5. ent-sandaraco-
pimaradiene 6. ent-isokaurene 7. syn-stemar-13-ene 8. ent-kaurene 9. syn-stemod-12-ene 
10. putative syn-exo-stemar-13-ene 11. ent-cassa-12, 15-diene 12. syn-stemod-13(17)-
ene. C) Effect of Os-CPS2OE on Xoo blight disease resistance. Comparison of Lesion 
length of wild-type and Os-CPS2OE infected with Xoo. P-values:  ** < 0.01, n=15. 
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Figure 6. Chemical analysis and phenotype of Os-cps4 with its wild-type.  
A) Gas chromatograph verification of increase in Os-CPS2 dependent diterpenes in 
induced cps4ko rice leaves 1. Internal Standard (cembrene) 2. syn-pimara-7,15-diene 3. 
casbene 4. ent-pimara-8(14), 15-diene 5. ent-sandaraco-pimaradiene 6. ent-isokaurene 7. 
syn-stemar-13-ene 8. ent-kaurene 9. syn-stemod-12-ene 10. putative syn-exo-stemar-13-
ene 11. ent-cassa-12, 15-diene 12. syn-stemod-13(17)-ene  B) Effect of Os-cps4 on Xoo 
blight disease resistance. Comparison of Lesion length of wild-type and Os-cps4 infected 
with Xoo. P-values:  ** < 0.01,  n=15. 
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Figure 7A. Production of diterpenes in wild-type and Os-cps4 mutant after induction by 
methyl jasmonate. N. D. non-detectable, Internal Standard 53µg/g FW leaf  * p<0.05,  **  
p<0.01, *** p<0.001 
 
 
Figure 7B. Production of diterpenes in wild-type and Os-cps2 mutant after induction by 
methyl jasmonate. N. D. non-detectable, Internal Standard 53µg/g FW leaf  * p<0.05,  **  
p<0.01, *** p<0.001 
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Figure 7C. Production of diterpenes in wild-type and Os-CPS2OE after induction by 
methyl jasmonate. N. D. non-detectable, Internal Standard 53µg/g FW leaf  * p<0.05,  **  
p<0.01, *** p<0.001 
 
 
Figure 8A. Test Os-cps2 and wild-type with different Magnaporthe species and strains. 
Numbers indicate the degree of infection area. % indicates the proportion to the total 
disease degree.  
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Figure 8B. Effect of Os-cps4 on Magneporthe poae non-host disease susceptibility. M. o. 
indicates Mageneporthe oryzae. M. p. indicates Magneporthe poae. 
 
 
Supplemental Results 
 
 
 
Figure S1. Genome structure of Os-cps2 mutant, tDNA sequence is inserted the sixth 
exon of OsCPS2 in Os-cps2. Red arrowheads indicate the locations of primers used for 
genomic PCR. 
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Figure S2. Representative of putative Oryzalide-Related Diterpenoid Biosynthetic 
Pathway, dashed arrows indicate multiple enzymatic reactions.  
 
 
 
Figure S3. Transcriptional expression of Os-CPS2 in its wild-type and over-expression 
(OE) lines. Actin expression was used as a control. KitWT indicates the Kitaake cultivar 
wild-type rice. 
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Figure S4. Transcriptional expression of rice diterpene synthases (OsCPSs and OsKSLs) 
at 0, 24 and 48 hours after Xoo infection.  
 
 
 
Figure S5. Detection of syn-labdatriene in CPS4WT in GC-MS-selected ion (* indicates 
the peak corresponding to syn-labdatriene in CPS4WT. Selected Ion Count indicate m/z = 
272. 
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CHAPTER 5: INVESTIGATING THE BIOLOGICAL FUNCTION OF 
PHYTOCASSANES IN RICE DEFENSE 
Abstract 
Among the various responses to microbial infection, rice has developed an arsenal 
of antibiotic secondary metabolites, which mostly are diterpenoids. While these 
compounds have been identified on the basis of their antibiotic activity in vitro, this 
leaves open the question of their relevance to defense in planta. Our previous results 
show that Os-CPS2 (copalyl diphosphate synthase) pathway is relevant to rice defense 
against rice fungal blast and bacterial blight disease. However there are several specific 
pathway downstream Os-CPS2 pathway, it is not clear which specific pathway is the 
most relevant pathway to rice defense. Phytocassanes, as one of the potent phytoalexins 
in rice, were isolated from Magnaporthe oryzae (M. oryzae) infected lesions and 
exhibited antibiotic activity. Here, with the knock-out and over-expression constructs of 
the key gene Os-KSL7 in phytocassane biosynthetic pathway, results indicate that the 
biological function of phytocassanes is relevant to defense against both fungal pathogen 
M. oryzae and bacterial blight pathogen Xanthomonas oryzae pv. oryzae (Xoo). Our 
results indicate that previously identified phytoalexins might have the broader biological 
functions in their ecological contexts.  
 
Introduction 
Rice is susceptible to microbial diseases. As one of the responses to these biotic 
stresses, rice produces phytoalexins as phytochemical arsenals to defend against 
pathogenic attack (Schmelz et al., 2014). The majority of these phytoalexins are 
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diterpenoids, and their antibiotic activities were identified on their activities against rice 
blast fungal pathogen M. oryzae. Phytocassanes, as one group of potent rice phytoalexins, 
were also isolated from rice leaves infected by M. oryzae (Koga, 1995). They exhibited 
antibiotic activity against M. oryzae spore germination. Different from other rice 
phytoalexins, besides M. oryzae, phytocassanes were also isolated from rice stems 
infected by pathogenic fungi Rhizoctonia solani (R. solani), and exhibited the biological 
activity inhibiting the hyphal growth of R. solani (Koga, 1995). Recently it is shown that 
phytocassanes can be strongly induced by bacterial pathogen Xoo, and accumulate 
specifically at the site of Xoo infection in rice leaves (Klein et al., 2015). Interestingly, 
besides rice leaves, phytocassane A-F are constitutively produced from rice roots as well 
(Toyomasu et al., 2008). 
Biosynthesis of phytocassanes is derived from the common diterpenoid precursor 
geranylgeranyl diphosphate (GGPP), catalyzed by ent-copalyl diphosphate (ent-CPP) 
synthases (Os-CPS2) (Prisic et al., 2004). Followed by this, kaurene synthase-like gene 
Os-KSL7 (kaurene synthase-like) catalyzes the further cyclization to diterpene cassane 
skeleton, which is the precursor of phytocassane A-F (Fig. 1). The downstream oxidative 
steps are elaborated by cytochrome P450s for decorating phytocassanes A-F biosynthesis. 
Momilactone was the first identified rice phytoalexin against the fungal blast 
pathogen M. oryzae. However genetic evidence show that the momilactones do not play a 
critical role in rice plant defense, and momilactones acts as allelochemicals instead (Xu et 
al., 2012). Moreover, some diterpene olefins isolated from maize seedling were inducible 
to fungal infection but didn’t display anti-fungal activity (Mellon and West 1979). That 
controversy indicates the needs for genetic evidence to support relevance of phytoalexins.  
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With the reverse genetic evidence, Os-ksl7 knock-down plants are more 
susceptible to the fungal blast pathogen M. oryzae, as well as the bacterial leaf blight 
pathogen Xoo, indicating the relevance of phytocassanes to plant defense. 
 
Results 
Characterization of Os-ksl7 knockdown mutant 
From ent-CPP, production of ent-cassadiene diterpenoid biosynthesis depends on 
Os-KSL7. Based on the availability of Os-KSL7 insertion mutant, we ordered a mutant 
that T-DNA was inserted in the last intron. After two generations of screening, we 
screened out the homozygous Os-ksl7 line. Os-KSL7 transcripts decrease significantly 
after treatment with methyl-jasmonate (Me-JA) (Fig. 2A). This shows Os-ksl7 is actually 
knockdown mutant. Furthermore, from diterpene profiling we detected the production 
ent-cassadiene as the indicator for final bioactive phytocassanes. There was a significant 
reduction in the levels of ent-cassadiene in Os-ksl7 plants relative to its parental/WT line 
(ssp. japonica cv. Nipponbare) (Fig. 2B).  
 
Susceptibility of Os-ksl7 to M. oryzae and X. oryzae pv. oryzae 
Given that some phytocassanes have been suggested to serve as phytoalexins 
against M. oryzae, the susceptibility of Os-ksl7 rice relative to its parental/WT line 
against M. oryzae was investigated. Infecting leaves with rice specific isolate of M. 
oryzae (O-254), this pathogen causes disease symptoms on both Os-ksl7 and its 
parental/WT rice (Fig 3). It turns out that infected/necrotic areas of leaves in Os-ksl7 
plants are much more severe relative to that for its parental/WT line, indicating the 
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susceptibility of Os-ksl7 to M. oryzae. Thus, consistent with the previous literature, ent-
cassadiene derived phytocassanes seem to serve an effective role in rice plant defense 
against M. oryzae.  
It has been shown that phytocassanes were inducible at Xoo infection site (Klein 
et al., 2015). In order to test whether phytocassanes exhibited anti-Xoo activity, we 
infected Os-ksl7 and its parental wild-type with Xoo infection via a leaf clip method. Os-
ksl7 rice exhibited significantly longer lesion lengths than its parental/WT line (p < 0.01 
in an unpaired t-test), indicating that this mutant is more susceptible to Xoo (Fig. 4). 
Thus, phytocassanes seem to serve an effective role in rice plant defense against this 
bacterial pathogen Xoo as well.  
 
The resistance of Os-KSL7 over-expressing to X. oryzae pv. oryzae 
In order to provide further evidence for the relevance of phytocassanes to rice 
defense against Xoo, Os-KSL7 over-expressing (OE) were generated. Enhanced 
expression of Os-KSL7 was verified by RT-PCR, were then selected for further 
characterization. There was a clear increase in the levels of several ent-cassadiene 
following Me-JA treatments (Fig. 5A).  
Os-KSL7OE plants were infected with Xoo, along with parental/WT plants (ssp. 
japonica cv. Kitaake). Os-KSL7OE plants exhibited significantly shorter lesion lengths 
relative to its parental/WT line (p < 0.01 in an unpaired student’s t-test), indicating 
increased resistance to bacterial leaf blight (Fig. 5B). This result further supports the role 
for phytocassanes as anti-bacterial agents in rice plant defense, at least against Xoo, 
consistent with the inducible activity of the phytocassanes at Xoo infection site. These 
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results further have broadened the bioactivity of phytocassanes, which open up the 
possibility that the relevance of phytoalexins to defense against more microbial 
pathogens.   
 
Discussion 
Previously, the identification of phytoalexins was based on their in vitro antibiotic 
activity. That raises the questions about their relevance to plant defense. Although 
phytocassanes and momilactones accumulate in leaves upon infection by M. oryzae 
(Hasegawa et al., 2010), there is no genetic evidence to support its biological function 
with relevance of defense in planta. Biological role of phytocassanes is defined in this 
study.  
Oryzalide A and B, oryzalic acid A and B and oryzadione I to III, oryzalide-
related diterpenoids, were isolated and identified on the basis of their activity against Xoo 
activity (Toyomasu, 2008). However, there is no report about the relevance of 
phytocassanes to anti-Xoo activity. Here we show the direct relevance of phytocassanes 
to defense against Xoo. Phytocassanes are constitutively produced from rice roots as well 
(Toyomasu et al., 2008), which is consistent with the report that M. oryzae can infiltrate 
through rice roots (Sesma and Osbourn, 2004). It is possible that the production of 
phytocassanes from rice root also exert an inhibitory effect on pathogenic fungi around 
the rice roots in the paddy soil natural conditions. Considering phytocassanes were 
isolated from rice stems infected by R. solani, it is possible to speculate that 
phytocassanes may function as phytoanticipans, so they are associated with rice defense 
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throughout all vegetative tissues in rice. Overall, the broader biological functions of 
phytocassanes will be investigated in the paddy soil condition in the future.   
 
Materials And Methods 
Chemicals 
Unless otherwise noted, all molecular biology reagents were purchased from 
Invitrogen (Carlsbad, CA, USA) and all other chemicals from Fisher Scientific 
(Waltham, MA, USA).  
 
Plant Materials  
Rice plants (Orzya sativa L. ssp. japonica cv. Nipponbare and Kitaake) were 
cultivated to the 6th leaf stage in standard growth chambers cycling between 12 h light at 
28 °C and 12 h dark at 24 °C. The Os-ksl7 T-DNA insertion mutant PFG_3A-07700.L 
(insert in the last intron of Os-KSL7; TIGR ID, LOC_ Os02g36140) was obtained from 
the PFG Element Insertion Mutant Database from South Korea. This mutant is in the ssp. 
japonica cv. Nipponbare background. Homozygous Os-ksl7 plants were selected by RT-
PCR of Os-KSL7 (i.e., the absence of any cDNA) from the T1 generation. Homozygous 
Os-ksl7 plants were verified in the T2 generation and propagated to provide seeds for the 
experiments described here.  
 
Transcriptional Expression Analysis 
The characterization of ksl7 mutant was identified by RT-PCR with Me-JA 
treatment. The detailed procedure was described in Chapter 4. Total RNA was extracted 
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from these leaves 24 h after induction with Me-JA, using the procedure for RT-PCR was 
described previously (Lu et al., 2015). This cDNA preparation was used as the template 
for PCR with gene-specific primers KSL7RT F and KSL7RT R. Transcription Factor 
TFIIAγ5 (LOC_Os05g01710) was used as internal control for rice genes.  
 
Over-Expression Vector Construction and Rice Transformation 
The open reading frame for Os-KSL7 was amplified from cDNA by PCR, and the 
procedure to construct the over-expression lines was followed by methods section 
described in Chapter 4.   
 
Extraction and Identification of Diterpenes 
Rice plants were cultivated to the 6th leaf stage. For induction, detached leaves (3 
g) were induced with 10 mL 0.2% Me-JA (in 0.1% Tween 20), wrapped in aluminum foil 
and incubated in the dark at room temperature (24 °C) for 72 h. GC-MS analysis of 
diterpenes is the same method as described in Chapter 4.   
 
Disease Resistance Assay  
M. oryzae (O-254) were streaked out and grown on potato dextrose agar plate at 
26 °C for around 7 days. After that, the plate was poured about 10 ml sterile water, and 
scraped conidia by spoon and discarded the water. The fungal plate was incubated under 
the blue fluorescence light to induce conidia formation for three days. When the fungus 
was ready for infection, 20 ml of sterilized water was poured into the plate and collected 
fungal conidia with spoon. The fungal conidia were filtered through cheesecloth into a 
  
106 
50-ml conical plastic tube, and determined the concentration of conidia in the filtrate by a 
microscope. 0.05% Tween 20 was added in the conidia. After that, rice plants were 
sprayed with conidia until the leaf was completely wet. After 4-5 days of infection, the 
number of blast lesion in susceptible rice was counted. Xoo infections were carried out 
using the leaf-clipping method (Kauffman et al., 1973), and the detailed procedure was 
described in Chapter 4.  
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Figures 
 
Figure 1. Biosynthetic pathway to phytocassane A-F from diterpenoid precursor GGPP 
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Figure 2. Transcriptional and chemical analysis of Os-ksl7 knock-down mutant.  
A) Transcriptional identification of Os-ksl7. After Me-JA treatment, transcriptional 
expression of Os-KSL7 in its wild-type and Os-ksl7. Actin expression was used as a 
control.  B) Gas chromatograph analysis of ksl7 mutant (* indicates the peak 
corresponding to ent-cassadiene) 
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Figure 3. Susceptibility of Os-ksl7knock-down on M. oryzae fungal blast disease 
 
 
Figure 4. Susceptibility of Os-ksl7 on Xoo bacterial blight disease. The red arrow 
indicates the ending point of lesions. Left panel: phenotypes of susceptibility of Os-ksl7 
to Xoo infection. Right panel: lesion length of Os-ksl7 compared with its WT. (***, P < 
0.01, n=15) 
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Figure 5. Phenotype and chemical characterization of Os-KSL7OE with its wild-type. 
A) Lesion lengths of Os-KSL7OE against Xoo bacterial blight disease. B) Gas 
chromatograph verification of increase of ent-cassadiene in Os-KSL7OE plants 
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CHAPTER 6: EXPLORATION OF ORYZALIDE-RELATED DITERPENOIDS  
IN RICE DEFENSE WITH GENOME EDITING TECHNOLOGY 
 
Abstract 
Among the various effective means of defenses against microbial infection, rice 
has deployed an arsenal of phytoalexins, which mostly are diterpenoids. While these have 
been identified on the basis of their antibiotic activity in vitro, this leaves open the 
question of their relevance to defense in planta. Our previous results show that the Os-
CPS2 (copalyl diphosphate synthase) pathway is relevant to rice defense against rice blast 
fungal disease and blight bacterial disease. However, it is not clear which specific 
pathway downstream of Os-CPS2 is relevant to rice defense. Here with the successful 
application of CRISPR/Cas9 technology targeted to Os-KSL5 and Os-KSL6 (Δcrksl5 and 
Δcrksl6), we show that the products of Os-KSL5 and Os-KSL6 pathways are relevant to 
rice defense. Moreover through the generation of Os-KSLs over-expression plants, our 
preliminary results indicate the additive effect might explain why rice produces an array 
of diterpenoid phytoalexins.  
 
Introduction 
Rice is exposed to many biotic stresses including infection by fungi, bacteria, and 
viruses. As one of the strategy against microbial attack, rice produces phytoalexins as 
response to pathogenic infection (Schmelz et al., 2014). Most of these phytoalexins are 
diterpenoids, and their antibiotic activities were originally characterized against rice blast 
fungal pathogen Magneporthe oryzae (M. oryzae). 
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Different from most of diterpenoid phytoalexins, oryzalide related diterpenoids 
were extracted and isolated especially from rice resistant cultivar (Watanabe et al., 1996), 
which caused the incompatible reaction with Xanthomonas oryzae pv. oryzae (Xoo). 
These oryzalide related diterpenoids include oryzalide A and B, oryzalic acid A and B 
and oryzadione I to III (Toyomasu, 2008). Although oryzalide-related diterpenoids have 
been isolated mostly from resistant rice cultivars. It is not known in susceptible rice 
cultivars the relevance of oryzalide-related diterpenoids to defense.  
Oryzalide related diterpenoids biosynthesis is evolved from gibberellin 
biosynthesis. Derived from the common diterpenoid precursor GGPP, ent-copalyl 
diphosphate (ent-CPP) synthase Os-CPS1 and Os-CPS2 catalyze GGPP to ent-CPP 
(Prisic et al., 2004). After that, Os-KSL6 converts the cyclization from ent-CPP to 
diterpene ent-isokaurene, which could be the precursor of oryzalide related diterpenoids. 
Interestingly, a putative redundant gene Os-KSL5 is just located next to Os-KSL6. In rice 
subspecies indica, Os-KSL5 and Os-KSL6 are actually the redundant gene while in rice 
subspecies japonica, they are different gene. We biochemically characterized that the 
product of Os-KSL5 is ent-pimaradiene instead of ent-isokaurene, but the metabolic fate 
and its biological role are still unknown (Xu et al., 2007).  
Analysis of a T-DNA insertion mutant of Os-CPS4 has indicated that these 
knockout Os-cps4 plants are not more susceptible to infection with M. oryzae than the 
parental/wild-type (WT) line. Additional analysis, including the use of a more specific 
Os-ksl4 gene knockout line, indicates that the momilactones act as allelochemicals (Xu et 
al., 2012). 
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As one of the cutting-edge genome editing technologies, the clustered regulatory 
interspersed short palindromic repeat (CRISPR)-associated protein (Cas9) system has 
been successfully applied in various plant species. Compared with TALEN (transcription 
activator-like nuclease) and zinc finger nuclease technology, CRISPR/Cas9 system is 
much easier to construct the target sequence because only 20 base pair guide RNA can 
simply recognize the target DNA sequences. The only requirement for the target 
sequence is that followed by NGG PAM (protospacer adjacent motif). With the Cas9 
nuclease, it will lead to double-strand break several nucleotides upstream the PAM. 
Interestingly, CRISPR/Cas9 technology can be applied to cause the large chromosome 
deletion in rice diterpenoid phytoalexin study (Zhou et al., 2014).  
Here we take advantage of CRISPR/Cas9 technology to investigate the relevance 
of Os-KSL5 and Os-KSL6 pathways to plant defense. Also, by the generation of the Os-
KSLOE, the results indicate that the additive effect may explain the reason rice produces 
so many diterpenoid phytoalexins. 
 
Results 
Construction and Identification of Δcrksl5 and Δcrksl6 Plants 
To elucidate physiological function in oryzalide-related diterpenoids in planta, we 
target on the first exon of redundant gene Os-KSL5 and Os-KSL6 respectively (Fig. 1). 
Without T-DNA mutants available for Os-KSL5 and Os-KSL6, we seek for CRISPR/Cas9 
genome editing method. Since Os-KSL5 and Os-KSL6 share 93% of cDNA identity, to 
prevent the off-target, we design only one single guide with 20bp for each gene. At T0 
generation, we genotyped the transgenic plants by sequencing the target fragments (Fig. 
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2). In Δcrksl5 and Δcrksl6, total mutagenesis rate for Δcrksl5 and Δcrksl6 are up to 92% and 
85% respectively. Types of mutagenesis include heterozygous, homozygous and di-
allelic mutation. As for Δcrksl5, the most common type of mutagenesis is one or two base 
pairs addition or deletion. For Δcrksl6, besides one or two base pair addition or deletion, 
we detected 14bp deletion homozygous plants. We sequenced the whole Os-KSL5 and 
Os-KSL6 genes, in case off-target frequency may happen. There is no trace of any 
nucleotide changes at other sites. After the self-fertilization T0 generation, in T1 
generation sequencing results showed that mutagenesis is inherited stably in a Mendelian 
fashion. OsCas9 has been segregated it out with 28% due to the loss of T-DNA in T1 
generation. The homozygous mutants from T2 plants were selected and used as the 
following experimental material.   
 
Susceptibility of Δcrksl5 and Δcrksl6 to X. oryzae pv. oryzae 
We infect infected Δcrksl5, Δcrksl6 and their parental WT (Orzya sativa ssp. 
japonica cv. Kitaake) with Xoo via a leaf clip method. Both Δcrksl5 and Δcrksl6 rice 
exhibited significantly longer lesion length than WT line (p < 0.01 in an unpaired t-test), 
indicating that both mutants are more susceptible to Xoo infection (Fig. 3). Thus, 
oryzalide related diterpenoids seem to serve more effective role to defend against Xoo. 
This result is consistent with the known anti-bacterial activity of the oryzalide-related 
diterpenoids, which are potentially derived from ent-isokaurene. Moreover, it indicates 
the biological function of oryzalide related diterpenoids is not only in resistant cultivar, 
but in susceptible cultivar as well. Although the final product of Os-KSL5 is not clear, 
this result indicates that the final products in Os-KSL5 pathway are relevant to defense.  
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Os-KSL over-expressing (OE) plants indicating the additive effect 
In order to investigate the relevance of further downstream of ent-CPP derived 
diterpenoids to rice defense, we planned to infect all ent-CPP derived Os-ksl mutant and 
compare their lesion lengths infected by Xoo. However, Os-cps2, Os-ksl7, and Os-ksl10 
T-DNA mutants are in the different genetic background. Thus, we generated Os-KSL5, 
Os-KSL6, Os-KSL7 and Os-KSL10 over-express plants all in the same genetic 
background (cv. Kitakee) to investigate their biological activity along with Os-CPS2OE 
plants. Os-KSL5OE, Os-KSL6OE, Os-KSL7OE and Os-KSL10OE plants were identified 
by presence of cDNA in the genomic DNA and checking transcriptional expression (data 
not shown).  
Although Os-KSL6OE and Os-KSL7OE showed shorter lesion lengths than 
parental WT line (p < 0.05 in an unpaired student’s t-test), Os-CPS2OE plants exhibited 
the shortest lesion length relative to its parental/WT line (p < 0.01 in an unpaired t-test). 
That indicates diterpenoids produced from Os-CPS2OE exert the most efficient inhibition 
against Xoo (Fig. 4). The major product from Os-CPS2OE is ent-kaurene, but the level of 
ent-cassadiene and ent-isokaurene also get increased slightly in Os-CPS2OE plants. 
Indeed, given that ent-kaurene and ent-isokaurene are precursors to the oryzalide-related 
anti-bacterial phytoanticipans. These results might suggest it is the additive effect of all 
Os-CPS2 derived diterpenoids including final bioactive products of ent-isokaurene, ent-
cassadiene and ent-sandaracopimaradiene that all lead to the most significant inhibitory 
effects against Xoo.  
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Discussion 
This study is the successful application of CRISPR/Cas9 technology in plant 
secondary metabolism. Unlike in the field of plant development and reproduction, there 
are very few publications on the application of genome editing in plant secondary 
metabolism. This study is a timely successful application to narrow this gap. Although 
the natural products have been isolated, their biological functions in planta are still in the 
air. With this technology, we can explore the some unexplored functions of secondary 
metabolites in their native ecological contexts.  
Results from Δcrksl6 show that oryzalide related LRDs are relevant to defense 
against Xoo. That is consistent with the previous report that oryzalide related LRDs were 
isolated and identified in resistant cultivar by their activities against Xoo. We broadened 
the biological function of oryzalide-related in susceptible cultivar genetic background. As 
for Δcrksl5, although it is still clear the products of Os-KSL5, the results indicate the 
products of Os-KSL5 are also relevant to defense against Xoo. Now with Δcrksl5, we can 
dig into the intermediate and final product of Os-KSL5 by chemical analysis with wild-
type. The additive effect of phytoalexin production was reported in pea phytoalexin 
(Kazuhiro Toyoda, 1995). To further confirm this model, crossing the individual 
CRISPR/Cas9 mutant plants in the same genetic background could provide more 
supporting evidence.  
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Materials and Methods 
Chemicals 
Unless otherwise noted, all molecular biology reagents were purchased from 
Invitrogen (Carlsbad, CA, USA) and all other chemicals from Fisher Scientific 
(Waltham, MA, USA).  
 
Plant materials  
Rice plants (Orzya sativa L. ssp. japonica cv. Kitaake) were cultivated to the 6th 
leaf stage in standard growth chambers cycling between 12 h light at 28 °C and 12 h dark 
at 24 °C.  
 
CRISPR/Cas9 construction and genotyping of transgenic plants 
Commercial pENTR4 vector was modified by Dr. Bing Yang’s lab. For sgRNA 
constructs, the cutting sites of BtgZI or BsaI type II restriction enzymes were ligated 
downstream of the U6 promoter. 4-bp overhangs were added to seed sequences for 
recognition of BtgZI or BsaI, after annealing forward and reverse primers, the seed 
sequences were phosphorylated to clone into the pENTR4 vector. U6p-F1 was used to 
sequence inserted seed fragments. After that, the seed sequence cassettes in pENTR-
sgRNA vectors were mobilized to pBY02-CCDB vector using the Gateway LR clonase 
(Life Technologies). The pBY02 vectors with seed sequences were confirmed by enzyme 
digestion by BamHI or HindIII. The resulting vector construct was transformed into 
Agrobacterium tumefaciens EHA105 by electroporation. Immature embryo-derived 
callus cells of rice (cv. Kitaake) were transformed using a previously described (Hiei et 
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al., 1994). T0 transgenic plants were detected with PCR for each plant, and PCR products 
from the targeted regions in each line were subjected to Sanger sequencing. After self-
fertilization in T1 transgenic rice plants, we sequenced the targeted regions again in T1.  
 
Over-expression vector construction and rice transformation 
The open reading frame for Os-KSL5, Os-KSL6, Os-KSL7 and Os-KSL10 were 
amplified from cDNA by PCR and the procedure to construct the over-expression lines 
was followed by methods section described in Chapter 4.   
 
Disease resistance assay  
Xoo infections were carried using the leaf-clipping method (Kauffman et al., 
1973), and was described in Chapter 4.  
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Figures 
 
 
Figure 1. Sequences of DNA fragment induced by sgRNAs in the first exon of Os-KSL5 
and Os-KSL6 respectively. The PAM sequence is colored in red. 
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Figure 2. Sequencing confirmation of the site-specific mutations (diallelic) in the T0 
transgenic lines. The PAM sequence is colored in orange. Dashes denote nucleotide 
deletions and blue-colored letters denote nucleotide insertions. The arrow indicates the 
transgenic lines used as the experimental material.  
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Figure 3. Effects of Δcrksl5 and Δcrksl6 on Xoo bacterial blight disease. The red arrow 
indicates the ending point of lesions. Left panel: phenotypes of susceptibility of Δcrksl5 
and Δcrksl6 to Xoo infection. Right panel: lesion length of Δcrksl5 and Δcrksl6 compared 
with WT. (*, P < 0.05; **, P < 0.01) 
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Figure 4. Effects of Os-KSL5OE, Os-KSL6OE, Os-KSL7OE and Os-KSL10OE against 
Xoo bacterial blight disease. Left panel: phenotypes of Os-KSLOE to Xoo infection 
compared with Kitaake WT. Right panel: lesion length of overexpression KSLs to WT. 
(*, P < 0.05; **, P < 0.01) 
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CHAPTER 7: CONCLUSIONS AND FUTURE DIRECTIONS 
 
Conclusions 
Diterpenoids provide a rich source of natural products to mediate plant-microbe 
interaction. In this thesis, I focus on the roles of diterpenoids rice-Xanthomonas oryzae 
interaction. In Chapter 2 from the side of X. oryzae pv. oryzicola (Xoc), with genome 
mining in Xoc, we found a gene operon that is highly relevant to GA biosynthesis. We 
biochemically characterized that this pathogen had the capability to produce the precursor 
of gibberellin ent-kaurene. By insertion mutagenesis, it turns out that putative gibberellin 
acts as the virulence factor for Xoc. The molecular mechanism is via GA antagonistic to 
jasmonate so as to down-regulate rice defense. With more genome mining, we found that 
GA biosynthetic operon is not only found in pathogenic bacteria but in plant nodulating 
bacteria as well. Chapter 3 is a side project about this story. We found the GA operon in 
the genome of four genera of rhizobia. Similarly, we biochemically characterized the 
diterpene synthases in rhizobia. Moreover, the preliminary evidence suggests that the 
production of putative gibberellin might be relevant to the nodulation process.  
From the side of rice, it produces phytoalexin phytochemicals as responses to 
defend against microbial pathogens. While diterpenoid phytoalexins have been identified 
on the basis of their antibiotic activity in vitro, this leaves open the question of their 
relevance to defense in planta. With reverse genetics method in Chapter 4, we found that 
the relevance of diterpenoids to rice plant defense depends on Os-CPS2 pathway. 
Moreover, metabolic flux keeps balanced in Os-CPS2 and Os-CPS4 pathway. 
Downstream the Os-CPS2 pathway, in Chapter 5 more specific phytocassane pathway is 
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relevant to defense against pathogenic fungi M. oryzae, but pathogenic bacteria Xoo as 
well. Besides phytocassanes in Chapter 6, with the advent of CRISPR/Cas9 technology, 
we explored the biological function of more specific pathways downstream ent-CPP. We 
successfully generate mutants of redundant gene Os-KSL5 and Os-KSL6 with 
CRISPR/Cas9. It seems that Os-KSL5 and Os-KSL6 pathway are relevant to defense 
against Xoo. Moreover, over-expressing Os-KSL5, Os-KSL6, Os-KSL7 and Os-KSL10 
downstream Os-CPS2 indicates the rice phytoalexins might reach the additive effect on 
inhibitory against pathogens in their biological contexts.  
 
Future Directions 
As for the putative GA biosynthetic operon in Xoc, we have biochemically 
characterized that it had the capacity to produce the precursor of gibberellin ent-kaurene. 
The next obvious step is to biochemically characterize all P450s in the operon. Motivated 
by the results that nodule of Bradyrhizobium japonicum has the capacity to produce GA9 
(Mendez et al., 2014), our preliminary findings showed the GA biosynthetic operon in the 
Xanthomonas translucens pv. translucens, four P450s in the operon have the capacity to 
catalyze ent-kaurene to GA4. That supports our hypothesis in Chapter 2 that the final 
bioactive product of ent-kaurene is GA4. After solving this major question, based on the 
previous model that GA and jasmonic acid competing for bind with DELLA protein (Bari 
and Jones, 2009), the next question we are interested is the molecular mechanism why 
GA4 functions as the virulence as for Xoc. We want to know how GA4 and jasmonic acid 
compete to bind with DELLA protein in rice. 
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In Chapter 4, we detected and quantified the level of intermediate diterpenes as 
the indicators for the final bioactive diterpenoids in Os-cps2, Os-cps4 and Os-CPS2OE 
plants. Our next step is to detect and quantify these final bioactive diterpenoids. In 
addition, our results showed that Os-cps4 plants are relevant to non-host fungal pathogen 
Magneporthe poae. This opens the possibility that Os-cps2 and Os-cps4 might be 
susceptible to more host and non-host pathogens. If possible, we can even set up the field 
trail test to mimic the natural ecological conditions.  
Besides the biotic stress, crop phytoalexins are also relevant to abiotic stresses. 
Rice momilactones are involved in allelopathy to suppress the growth of neighboring 
lettuce and barnyard grass (Xu et al., 2012). In maize, the production of phytoalexin 
kauralexins and zealexins are relevant to drought and salt stresses (Vaughan et al., 2015). 
Thus, it is reasonable to speculate that rice diterpenoid phytoalexins might also be 
relevant to abiotic stress. We will set up the drought and salt stress experiment with Os-
cps2 and Os-cps4 plants to test their responses to different stresses.  
In Chapter 5, the last unfinished piece for phytocassanes study is to conduct the 
chemical analysis for ksl7 knock-down so that we can get to the conclusion whether 
metabolic fluxes towards other specific pathways downstream ent-CPP. In order to 
provide more evidence of phytocassane defense against Xoo, we’ll mimic the 
physiological concentration of phytocassanes, and conduct the in vitro assay to test the 
inhibitory effect on phytocassanes against Xoo. In addition, phytocassane A-F are 
constitutively produced from rice roots, but they do not seem to be involved in 
allelopathy (Toyomasu et al., 2008). Thus, the production of phytocassanes from roots 
  
127 
might be relevant to root pathogens or abiotic stresses. It is worth testing the 
physiological functions of phytocassanes in roots.  
In Chapter 6 with the application of CRISPR/Cas9 technology, we successfully 
generate Δcrksl5 and Δcrksl6 mutants. To finish the complete scientific story, we will 
conduct the chemical analysis for Δcrksl5 and Δcrksl6 so as to get the clue of the metabolic 
fluxes. Moreover, with Δcrksl5 mutant, we will investigate metabolic fate of Os-KSL5 
pathway, such as the intermediate and final product of ent-pimaradiene in Os-KSL5 
pathway by comparing the metabolic profiling with the parental wild type.  
Furthermore, with the successful application of CRISPR/Cas9 technology, we are 
interested in targeting on the downstream cytochrome P450s. The most straightforward 
question to answer is which specific diterpenoid phytoalexin is most relevant to rice 
defense. For example, there are six diterpenoids in the group of phytocassane A-F, with 
CRISPR/Cas9 we can elucidate the most bioactive phytocassane in planta. In addition, 
the previous in vitro tests show that several P450s (CYP76M5-M8) shared the same 
enzymatic activity, and single P450 (CYP701A8) react with several substrates (Wang et 
al., 2012b; Wang et al., 2012a). With CRISPR/ Cas9, we can explore whether they also 
function redundantly in planta and investigate the order actual the catalytic steps by 
comparing the metabolic profiling.  
Besides targeting on individual gene, CRIPSR/ Cas9 has been applied in large 
chromosomal deletions (Zhou et al., 2014), which targets on two diterpenoid biosynthsis 
gene clusters located on chromosome 2 and 4 respectively. The gene cluster on 
chromosome 4 spans 170 kb while the other one on chromosome 2 is around 245kb (Fig. 
1). In the cooperation project with Dr. Bing Yang’s group, now we have acquired the 
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homozygous gene cluster mutants and double gene cluster deletion. The next step we will 
carry out the chemical analysis to detect diterpenes and diterpenoids metabolic profiling.  
In Chapter 6, our preliminary results indicate the production of many rice 
phytoalexins might give rise to the additive effect. In order to provide more evidence for 
this model, next step is to generate double gene mutant by crossing the single gene 
mutant. With these mutants, we will compare lesion lengths and counting colony-forming 
units after Xoo infection. 
Overall, in rice-X. oryzae interactions diterpenoids play indispensible role. For 
Xoc, important diterpenoid GA can be utilized as the virulence factor. From the 
perspective of rice, it can take advantage of diterpenoid phytoalexins to defense against 
microbial pathogens such as X. oryzae. With traditional reverse genetic and new 
CRISPR/Cas9 technology, we established the relevance of specific diterpenoids to rice 
defense against both microbial pathogens and showed the redirection of metabolic flux as 
well. Based on these, we provide not only some insight into the flux balance in 
specialized metabolism but potential agricultural application to control rice disease in the 
future as well. 
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Figure 1. Scheme of two Labdane related diterpenoid gene clusters in rice.  
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